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Abstract
Polyethylene (PE) based films are commonly used in agriculture for different applications such
as mulching, walk-in tunnel and mini greenhouse. In the case of mini greenhouse, the thin
film creates a confined environment providing favourable conditions for crop growth, such as
increased temperature and moisture retention, hence reducing the need for irrigation and agro-
chemical treatments. However, in this specific application, it is necessary to control the rate
of degradation of the film above ground to enable healthy crop growth. Several studies have
investigated the photo- and/or thermo-oxidation of PE in sunlight and when buried in soil or
compost. However the degradation rate is not well controlled and the degradation mechanisms
are not fully understood. The service lifetime of polymer films is controlled by the chemical
reactions leading to chain scission and mediating environmental factors. For application in
agricultural cropping films, a controlled accelerated degradation is required. The rate of PE
film degradation can be influenced by its intrinsic properties (such as polymer grade, concen-
tration and/or type of pro-degradants) but also by environmental factors, such as UV dose,
temperature and humidity. However, in practice, these are not the only factors controlling
the polymer lifetime, with poor translation from model (laboratory based) accelerated age-
ing studies to in-field application. This creates a challenge in accurately predicting the useful
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lifetime of a given film. Due to the confined environment created by the thin films, the ul-
timate service lifetime of the film may be affected by unexpected environmental factors such
as the composition and photo-chemistry of soil components. The evaluation of the impact of
these environmental factors, including the effect of soil type on the above-ground degradation
of PE, has not previously been addressed. This project aims to better understand the effect
of such factors on the PE photo-degradation processes, by correlating the film lifetime to key
soil parameters such as soil type, chemistry and properties. The above-ground degradation of
oxo-degradable PE thin films as well as a control film, were investigated over a variety of soils,
and over isolated organic substances such as humic and fulvic acids.
Outdoor weathering field trials performed using oxo-degradable PE thin films were con-
ducted across several sites around Australia. It was found that a site factor, that was apparently
independent of total solar dose and temperature, significantly impacted the rate and extent of
photo-oxidation. This finding was confirmed by controlled laboratory-based accelerated ageing
trials of both PE film with no pro-degradant as well as with oxo-degradable PE films, which
revealed that the rate and extent of PE photo-oxidation did not correlate with temperature
under the film nor UV exposure, but was soil dependent. Under accelerated photo-oxidative
conditions, the time to reach embrittlement for a PE film aged over the soil with a high content
of organic matter (OM 8.4%) was halved (at 24.5 days) when compared to similar film aged
over air (at 48 days). Further investigation revealed that humic acids and fulvic acids within
soil organic matter may contribute to the change in the oxidation rate of PE photo-oxidation,
possibly through the formation of volatile reactive oxygen species that may form under photo-
oxidative conditions. In addition, the presence of water also had a significant impact on the
rate of photo-oxidation.
Overall, additional environmental factors to solar dose and temperature were influencing
the rate of PE photo-degradation. The key factors were found to be the presence of condensed
water and soil type. For the latter factor, the specific soil properties of importance with respect
to film degradation appeared to be associated with organic matter, although the impact of
soil on PE photo-oxidation was found to be complex and likely dependent at least in part
von soil components that varied between different soil types, consequently influencing their
photo-chemistry. This knowledge could assist in designing a modelling tool to recommend the
appropriated time-controlled PE film suitable for a specific crop cycles at specific sites across
Australia. These findings could also be transferred to other degradable PE film applications,
such as mulch films, plastic bags and other packaging products.
vi
Declaration by author
This thesis is composed of my original work, and contains no material previously published or
written by another person except where due reference has been made in the text. I have clearly
stated the contribution by others to jointly-authored works that I have included in my thesis.
I have clearly stated the contribution of others to my thesis as a whole, including statistical
assistance, survey design, data analysis, significant technical procedures, professional editorial
advice, financial support and any other original research work used or reported in my thesis.
The content of my thesis is the result of work I have carried out since the commencement of
my higher degree by research candidature and does not include a substantial part of work that
has been submitted to qualify for the award of any other degree or diploma in any university
or other tertiary institution. I have clearly stated which parts of my thesis, if any, have been
submitted to qualify for another award.
I acknowledge that an electronic copy of my thesis must be lodged with the University
Library and, subject to the policy and procedures of The University of Queensland, the thesis
be made available for research and study in accordance with the Copyright Act 1968 unless a
period of embargo has been approved by the Dean of the Graduate School.
I acknowledge that copyright of all material contained in my thesis resides with the copyright
holder(s) of that material. Where appropriate I have obtained copyright permission from the
copyright holder to reproduce material in this thesis and have sought permission from co-authors
for any jointly authored works included in the thesis.
vii
Publications during candidature
Peer-reviewed papers
Nikolic, M., Gauthier, E., Colwell, J., Halley, P., Bottle, S., Laycock, B., Truss, R. The
challenges in lifetime prediction of oxo-degradable polyolefin and biodegradable polymer films.
Polymer Degradation and Stability, July 19, 2017.
Laycock, B., Nikolic, M., Colwell, J., Gauthier, E., Halley, P., Bottle, S., George, G. Lifetime
prediction of biodegradable polymers. Progress in Polymer Science, 71, 2017.
Gauthier, E., Nikolic, M., Truss, R., Laycock, B., Halley, P. Effect of soil environment on the
photo-degradation of polyethylene films. Journal of Applied Polymer Science, 132 (39), 2015.
Braunack, M.V., Johnston, D.B., Price, J., Gauthier, E. Soil temperature and soil water
potential under thin oxo-degradable plastic film impact on cotton crop establishment and
yield. Field Crops Research, 184, 2015.
Yeh, C.-L., Nikolic, M., Gomes, B., Gauthier, E., Laycock, B., Halley, P., Bottle, S., Colwell,
J. The effect of common agrichemicals on the environmental stability of polyethylene films.
Polymer Degradation and Stability, 120, 2015.
Book chapter
In press : Nikolic, M., Gauthier, E., Colwell, J.M., Laycock, B., Yeh, C.L., Cash, G., Halley,
P., Bottle, S., George, G. Real-World Factors That Impact Polyolefin Lifetimes. Lifetimes
and Compatibility of Synthetic Polymers, Editor: James P. P. Lewicki & George Overturf.
Conference abstracts
Gauthier, E., Nikolic, M., Laycock, B., Cash, G., Halley, P., George, G. Is the soil type
influencing the above-ground degradation of oxo-degradable polyethylene thin films? In 7 th
viii
International Conference of Modification, Degradation & Stabilization, Prague, Czech republic,
2012.
Gauthier, E., Nikolic, M., Laycock, B., Truss, R., Halley, P., George, G. Can the degradation
rate of oxo-degradable polyethylene thin films be influenced by soil type? In 30 th Polymer
Degradation Discussion Group, Paris, France. 2013
Publications included in this thesis
Gauthier, E., Nikolic, M., Truss, R., Laycock, B., Halley, P. Effect of soil environment on the
photo-degradation of polyethylene films. Journal of Applied Polymer Science, 132 (39), 2015.
Part of the publication are incorporated in Chapters 3, 4 and 5.
Contributor Statement of contribution
Gauthier E.
Conception and design (80%)
Analysis and interpretation (80%)
Drafting and production (80%)
Nikolic M
Conception and design (10%)
Analysis and interpretation (10%)
Drafting and production (10%)
Truss R.
Conception and design (3.5%)
Analysis and interpretation (3.5%)
Drafting and production (3.5%)
Laycock B.
Conception and design (3.5%)
Analysis and interpretation (3.5%)
Drafting and production (3.5%)
Halley P.
Conception and design (3%)
Analysis and interpretation (3%)
Drafting and production (3%)
ix
Nikolic, M., Gauthier, E., Colwell, J., Halley, P., Bottle, S., Laycock, B., Truss, R. The
challenges in lifetime prediction of oxo-degradable polyolefin and biodegradable polymer films.
Polymer Degradation and Stability, July 19, 2017.
Part of the publication is incorporated in Chapter 3.
Contributor Statement of contribution
Gauthier E.
Conception and design (30%)
Analysis and interpretation (30%)
Drafting and production (30%)
Nikolic M
Conception and design (30%)
Analysis and interpretation (30%)
Drafting and production (30%)
Colwell J.
Conception and design (30%)
Analysis and interpretation (30%)
Drafting and production (30%)
Halley P.
Conception and design (2.5%)
Analysis and interpretation (2.5%)
Drafting and production (2.5%)
Laycock B.
Conception and design (2.5%)
Analysis and interpretation (2.5%)
Drafting and production (2.5%)
Bottle S.
Conception and design (2.5%)
Analysis and interpretation (2.5%)
Drafting and production (2.5%)
Truss R.
Conception and design (2.5%)
Analysis and interpretation (2.5%)
Drafting and production (2.5%)
xContribution by others to the thesis
The contribution of those with whom I worked closely during my studies is greatly appreciated
and is acknowledged as follows:
The original experimental idea, editing and reviewing of this thesis was contributed by
Dr.Bronwyn Laycock, Assoc. Prof. Rowan Truss and Prof. Peter Halley.
Film extrusion was conducted by Dr. Gregory Cash, Michael Murphy and John Milne under
the author’s supervision.
Chapter 3 Some of the field trials were monitored by other members of the CRC for Polymers
that were on site, such as collecting samples and making observations and comments on the film
performances, under the coordination and supervision of the author. All remaining experiments,
data analysis and writing were carried out by the author.
Chapter 4 Soil sterilisation by autoclave was carried out by Deanne Mitchell.
Chapter 5 Headspace analysis by GC-MS was conducted by Silvia Gemme. Measurement
of the hydroxyl radical formation by HPLC-fluorescence was carried by Dr Mohamad Sleiman,
in the laboratory of the Institut de Chimie de Clermont-Ferrand in France. MAS-NMR was
conducted by Dr. Mark Wellard from QUT. All remaining experiments, data analysis and
writing were carried out by the author. Soils nutrients analysis by FIA was carried out by
Beatrice Keller-Lehmann from UQ.
Chapter 6 Some film ageing and FTIR-ATR were carried out by Rafael Basciano under the
author’s supervision. Measurement of the hydroxyl radical formation by HPLC-fluorescence
was conducted by the author under supervision of Dr Mohamad Sleiman, in the laboratory of
the Institut de Chimie de Clermont-Ferrand in France, while the analysis of the water droplet by
xi
ion chromatography was carried out by Dr Sleiman. All remaining experiments, data analysis
and writing were carried out by the author.
Chapter 7 Some film ageing, and FTIR-ATR measurement were conducted by Leo Baudouin
under the author’s supervision. All remaining experiments, data analysis and writing were
carried out by the author.
Statement of Parts of the Thesis Submitted to Qualify for the Award
of Another Degree
None.
Research Involving Human or Animal Subjects
No animal or human participants were involved in this research.
xii
Acknowledgements
Pursuing this PhD project has been an exciting experience and it was a challenge I accomplished
thanks to the support of great supervisors and encouragement from many people. By looking
back at my PhD, those years are sufficient to convince me to never say never. There is what we
promise to ourselves, what we are saying and finally what we end up doing. For that, I would
like to thank my supervisors for their tenacity in convincing me to bite the bullet of completing
a PhD, and seeing in me the skills to achieve it part time.
I would especially like to thank my supervisor, Dr Bronwyn Laycock, for her advice, sug-
gestions and guidance throughout this project. Bronwyn I thank you for always being available
despite your incredibly busy calendar, and also for allowing me to test samples in your back-
yard, special thanks to your mum for monitoring them when I was away. I would like to greatly
thank Associate Professor Rowan Truss for his enthusiasm and dedication. Rowan it was always
a pleasure to have fruitful discussions, your great curiosity for science was a delight, any idea
was always welcome and worth considering. Thank you for this nice afternoon at Wanaka in
New Zealand, your spontaneous invite was greatly appreciated by the three of us (Ce´dryck,
Sasha and I). I admired your family bonds, those holidays felt more like a family Christmas
to me. I would like to thank Professor Peter Halley for his constant support. Peter, I thank
you for encouraging me and believing I had the competence to accomplish this PhD part-time,
your optimism was a sustainable source of energy throughout this journey.
I would also like to acknowledge the CRC for Polymers (CRC-P) for allowing me to complete
my PhD part time alongside my researcher position. This project gave me the opportunity to
travel around Australia, in places I would have never been otherwise. I take the chance to
thank all people I met during the field trips across Australia. Special thanks go to Dr. Ian
Dagley for giving me the opportunity to be part of the CRC-P boat both as a student and
researcher. Thank you to the past members of the CRC-P, it was a great pleasure to be part
of this cooperative research centre.
I had the chance to be part of a great team at The University of Queensland (UQ) in
association with the Queensland University of Technology (QUT) under the CRC-P program.
I would like to acknowledge the priceless and passionate contribution of Emeritus Professor
Graeme George during my PhD. Graeme thank you for sharing your wisdom in polymer degra-
dation, it was a great pleasure to discuss challenging results with you. It was such a great
experience to be able to work closely with QUT. I would like to thank Dr. Melissa Nikolic
xiii
for her ongoing support, encouragement and her proactive help in the laboratory. Melissa I
thank you for our great discussion over coffee, that gave me the strength to get back onto new
experiment and area out of my comfort zone. I would like to thank Dr John Colwell, for his
continuous suggestions, and for looking after and sharing the QSun equipment. I would like to
thank Dr. Mohamad Sleiman and Professor Claire Richard for their generosity and kindness
for organising some samples analysis, and for their warm welcome during my visit in Clermont
Ferrand.
This thesis would not have been possible without the work provided by several students:
Jennifer Maia, Leo Baudouin and Raphael Basciano, for their contribution to this project. It
was a pleasure to have fresh and new eyes on the project.
Thank you to my Latex mentors Dr. Ce´line Chale´at and Dr Sherri Hsu for sharing with me
their Latex knowledge and convincing me to embark on this adventure. Special thanks to Ce´line
for your help on editing and proofreading my PhD. Distinct thank to Sherri for encouraging
me to brave my fear of starting a PhD.
I would like to thank my family, especially my Mum. Maman je te remercie d’eˆtre toujours
a` l e´coute, de toujours m’encourager et de voir en moi les qualite´s que je ne vois pas. Tu es un
mode`le pour moi, dans toutes les situations tu sais rebondir. Merci.
Lastly, I would especially like to thank Dr Ce´dryck Vaquette, and Sasha. Ce´dryck, your
encouragement, your persistence, your help to proof read my PhD, but most importantly, to
allow me to rest on your shoulder for the emotional side were like chocolate delights on the
journey. Thank you for being so understanding. Merci, Sasha pour tes e´clats de rire, tes calins,
ton enthousiasme quotidien, te voir grandir chaque jour, tout cela m’a encourager a` perce´ve´rer
et finir ma the`se.
xiv
Financial support
This research was supported by the CRC for Polymers.
xv
Keywords
polyethylene, photo-degradation, oxo-degradable PE film, natural ageing, organic matter, life-
time prediction, soil, agricultural film.
Australian and New Zealand Standard Research Classifications (ANZSRC)
ANZSRC code: 091209 Polymers and Plastics, 100%.
Fields of Research (FoR) Classification
FoR 0912 Materials Engineering, 100%.

A mes grands Amours
To my loved ones

“Ce qui est difficile prend du temps,
ce qui est impossible en prend un peu plus.”
“The difficult is what takes a little time;
the impossible is what takes a little longer.”
– Fridtjof Nansen

Table of Contents
Table of Contents xxi
List of Figures xxiii
List of Tables xxv
Nomenclature xxvii
1 Introduction 1
1.1 Project Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Thesis Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2 Literature review 7
2.1 Polyethylene . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.1.1 Types of PE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.1.2 Semi-crystalline structure of PE . . . . . . . . . . . . . . . . . . . . . . . 10
2.1.3 PE structural orientation . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2 PE film processing and applications . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2.1 Film blowing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
xxi
xxii Table of Contents
2.2.2 Agricultural application of polyethylene film . . . . . . . . . . . . . . . . 15
2.3 PE degradation mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.3.1 PE abiotic oxidation mechanism . . . . . . . . . . . . . . . . . . . . . . . 17
2.3.2 PE biotic degradation mechanism . . . . . . . . . . . . . . . . . . . . . . 22
2.4 Factors contributing to PE degradation . . . . . . . . . . . . . . . . . . . . . . . 22
2.4.1 Presence of Impurities . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.4.2 Addition of pro-degradants . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.4.3 Influence of irradiation exposure . . . . . . . . . . . . . . . . . . . . . . . 25
2.4.4 Influence of temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.4.5 Effect of Water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.4.6 Mechanical stress . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.4.7 Environment Stress Cracking . . . . . . . . . . . . . . . . . . . . . . . . 32
2.5 PE ageing method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
2.5.1 Accelerated ageing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
2.5.2 Natural ageing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
2.5.3 PE Lifetime prediction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.6 Polymer degradation characterisation . . . . . . . . . . . . . . . . . . . . . . . . 40
2.6.1 Mechanical properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
2.6.2 Physical properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
2.6.3 Chemical properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
2.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3 Field trials 49
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.2 Preliminary statistical analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
3.3 Site trials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
3.3.1 Experimental Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
3.3.2 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
3.4 Soil trial . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
3.4.1 Experimental Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
3.4.2 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
3.4.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
Table of Contents xxiii
3.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
4 Effect of Soil on the photo-degradation of PE films 81
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
4.2 Isolation of climatic component . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
4.2.1 Experimental Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
4.2.2 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
4.2.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
4.3 Effect of soil watering on photo-degradation of PE films . . . . . . . . . . . . . . 101
4.3.1 Experimental Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
4.3.2 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
4.3.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
4.4 Influence of micro-organisms on PE photo-oxidation . . . . . . . . . . . . . . . . 110
4.4.1 Experimental Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
4.4.2 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
4.4.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
4.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
5 Effect of humic substances on photo-oxidation of PE films 121
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
5.2 Effect of Humic substances on photo-degradation of PE films . . . . . . . . . . . . . 122
5.2.1 Experimental Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
5.2.2 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
5.2.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
5.3 Characterisation of soil and their extracted HSs . . . . . . . . . . . . . . . . . . 134
5.3.1 Material and Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
5.3.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
5.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
6 Effect of water and ions in solutions on PE film photo-oxidation 165
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
6.2 Water droplets analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167
6.2.1 Experiment procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167
xxiv Table of Contents
6.2.2 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
6.2.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
6.3 Effect of water and ions in solutions on PE photo-oxidation . . . . . . . . . . . . 173
6.3.1 Experimental procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
6.3.2 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175
6.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193
7 Model soils 195
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195
7.2 Experimental procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196
7.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 198
7.3.1 Effect of soil type on PE photo-degradation . . . . . . . . . . . . . . . . 198
7.3.2 Effect of sand enriched in organic matter . . . . . . . . . . . . . . . . . . 202
7.3.3 Influence of pH on PE photo-degradation . . . . . . . . . . . . . . . . . . 203
7.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209
8 Conclusions and Future works 211
8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211
8.2 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212
8.2.1 Soil type . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213
8.2.2 Humic substances . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214
8.2.3 Water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215
8.2.4 Other parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215
8.2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216
8.3 Future works . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216
References 221
Appendices 251
A Full soils characterisation 253
B Effect of soil reflectance on PE photo-degradation 263
B.1 Experimental procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 263
Table of Contents xxv
B.2 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 265
B.2.1 Effect of sand with different reflectance on PE photo-degradation . . . . 265
B.2.2 Effect of reduced reflection of petri dish on PE photo-degradation . . . . 266
B.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 266
C Effect of contact of soil on PE photo-degradation 271
C.1 Experimental procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 272
C.2 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 273
C.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 275
D Effect of soil WHC on PE photo-degradation 277
D.1 Experimental procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 277
D.2 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 279
D.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 279

List of Figures
1.1 Cross section of a mini-greenhousefilm in the field. . . . . . . . . . . . . . . . . . . 1
1.2 Scheme representing the complexity of factors affecting the degradation rate of PE
film. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1 Polyethylene skeletal structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2 Schematic model of the structure of HDPE. . . . . . . . . . . . . . . . . . . . . . 9
2.3 Schematic model of the structure of LDPE. . . . . . . . . . . . . . . . . . . . . . . 9
2.4 Schematic model of the structure of LLDPE. . . . . . . . . . . . . . . . . . . . . . 9
2.5 Schematic molecular representation of PE semi crystalline structure. . . . . . . . . . 10
2.6 Axis representation of a lamellar crystal [Zhang et al., 2004, Hsu, 2012]. . . . . . . 11
2.7 Schematic representation of morphological developments of different type of PE dur-
ing blowing processing [Zhang et al., 2004] (where MD represents machine direction
and TD the transverse direction). . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.8 Schematic cross section of film blowing extrusion process. . . . . . . . . . . . . . . 14
2.9 The impact of variable film embrittlement times on plant growth. . . . . . . . . . . 15
2.10 Photo-oxidation of ketones following Norrish I and/or Norrish II degradation adapted
from Feldman [2002], Ammala et al. [2011], Gardette et al. [2013]. . . . . . . . . . 19
2.11 Degradation of Polyethylene adapted from Billingham [2009], Bolland [1949]. . . . . 21
xxvii
xxviii List of Figures
2.12 Schematic of the sunlight pathway through the film and the water drop. In full line
is the incident light hitting the droplet at an angle of incidence higher than the limit
angle γ resulting in the total reflexion of the light. In dashed line the pathway of the
incident light hitting at an angle lower than γ. . . . . . . . . . . . . . . . . . . . . 28
2.13 Humic substances description. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.14 Example of a typical fulvic acids structure. . . . . . . . . . . . . . . . . . . . . . . 36
2.15 Example of a typical humic acids structure. . . . . . . . . . . . . . . . . . . . . . . 36
2.16 Infectious spreading around one point with a unity probability of spreading (a) one
(b) two (c) three (d) four iterations, [Goss et al., 2001a]. . . . . . . . . . . . . . . 39
3.1 Actual SRD as measured vs predicted SRD from Equation 3.1 . . . . . . . . . . . . 51
3.2 Map of the site trials location across different climates within Australia (Map from
Commonwealth [2009-2014]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.3 Weather data: maximum and minimum daily temperatures, rainfall accumulation,
and cumulative solar radiation at each site throughout the 2011 trial. . . . . . . . . 59
3.4 Solar radiation dose to embrittlement for the TiO2 film over different soils types at
different locations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
3.5 Weather data: maximum and minimum daily temperatures, rainfall accumulation,
and cumulative solar radiation at each site throughout the 2009 trial. . . . . . . . . 63
3.6 Actual SRD measured vs predicted SRD from regression output Table 3.8, 1) using
a black circle symbol with a straight line with all factors included, and 2) using a
square symbolwith a dashed line, excluding factors with a p value > 0.05. . . . . . . 67
3.7 Weather-data: maximum and minimum daily temperatures, rainfall accumulation,
and cumulative solar radiation at each site throughout the 2014 trial. . . . . . . . . 72
4.1 Cross-section of the film laid over the petri dish during accelerated ageing trials. The
upper side is directly facing the light while the under side is directly facing the soil. . 83
4.2 QSun daylight filter and Sunlight full spectrum (250-800 nm) on the left, with a
zoom out of the UV region (260-400 nm) on the right [Q-Lab, 2017]. . . . . . . . . 84
4.3 Diagram of the “0 Bar” water holding capacity method. . . . . . . . . . . . . . . . 85
4.4 Grey bars represent time to embrittlement (days) for PE control film when aged over
the different substrates (SD n=2 for each formulation),  represents the tempera-
ture (°C) under the film; when exposed to accelerated laboratory conditions (Q-Sun). 88
4.5 CI for a) the upper side and b) underside of the PE control films during accelerating
ageing over different substrates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
List of Figures xxix
4.6 Time to embrittlement for TiO2 film when exposed under accelerated laboratory
conditions over different substrates (SD n=2 for each formulation). . . . . . . . . . 93
4.7 CI for a) the upper side and b) underside of TiO2 films during accelerating ageing
over different substrates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
4.8 Time to embrittlement for FeSt (a) and CoSt (b) films when exposed under acceler-
ated laboratory conditions over different substrates (SD n=2 for each formulation). . 96
4.9 CI for a) the upper side and b) underside of FeSt films during accelerating ageing
over different substrates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
4.10 CI for a) the upper side and b) underside of CoSt films during accelerating ageing
over different substrates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
4.11 SEM images of the polymer films PE and TiO2 before ageing and at embrittlement. 100
4.12 CI for a) the upper side and b) the underside of PE control films during accelerating
ageing over OM 8.4%, OM 4.4% and OM 3.9% soils watered and non watered. . . . 104
4.13 CI for a) the upper side and b) the underside of TiO2 containing films during ac-
celerating ageing over OM 8.4%, OM 4.4% and OM 3.9% soils watered and non
watered. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
4.14 CI for a) the upper side and b) the underside of CoSt containing films during ac-
celerating ageing over OM 8.4%, OM 4.4% and OM 3.9% soils watered and non
watered. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
4.15 CI for a) the upper side and b) underside of PE control film during accelerating
ageing over OM 8.4%, OM 4.4% and OM 3.9% soils non sterilised and sterilised. . . 113
4.16 CI for a) the upper side and b) the underside of TiO2 film during accelerating ageing
over OM 8.4%, OM 4.4% and OM 3.9% soils non sterilised and sterilised. . . . . . . 116
4.17 CI for a) the upper side and b) the underside of CoSt film during accelerating ageing
over OM 8.4%, OM 4.4% and OM 3.9% soils non sterilised and sterilised. . . . . . . 117
5.1 Grey bars represent time to embrittlement (days) for PE control film when exposed
to different substrates (SD n=2 for each formulation),  represents temperature
(°C) under the film when exposed to accelerated laboratory conditions (Q-Sun). . . 124
5.2 Evolution of the CI for the upper side a) and underside b) of PE film during accel-
erating ageing over the different substrates, in the QSun. . . . . . . . . . . . . . . 125
5.3 Organic matter contribution into cascade reactions of the PE oxidation process
(adapted from Billingham et al. [2003], Gijsman [2011]). . . . . . . . . . . . . . . . 127
5.4 Time to embrittlement for TiO2 containing film when exposed under accelerated
laboratory conditions over different substrates (SD n=2 for each formulation). . . . 128
xxx List of Figures
5.5 Evolution of the CI for the upper side (a) and underside (b) of TiO2 film during
accelerating ageing over the different substrates, in the QSun. . . . . . . . . . . . . 129
5.6 Time to embrittlement for FeSt (a) and Cost (b) films when exposed under acceler-
ated laboratory conditions (Q-Sun) over the different substrates (SD n=2 for each
formulation). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
5.7 Evolution of the CI for the upper side (a,c) and underside (b,d) of FeSt and CoSt
films during accelerating ageing over the different substrates, in the QSun. . . . . . 132
5.8 Reaction between TA and OH to form TA-OH. . . . . . . . . . . . . . . . . . . . 139
5.9 UV-Vis spectra of DOM from the 3 soils: Forthside, Pinjarra and Thornlands. . . . . 142
5.10 GC/MS total ion chromatograms of different soils by head-space solid-phase micro-
extraction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
5.11 FTIR spectra of HA from various sources. . . . . . . . . . . . . . . . . . . . . . . . 152
5.12 FTIR spectra of FA from various sources. . . . . . . . . . . . . . . . . . . . . . . . 153
5.13 The CP/MAS 13C-NMR spectra of Humic substances. . . . . . . . . . . . . . . . . 157
5.14 SEM micrograph of the freeze-dried HA at a magnification of 100x. . . . . . . . . . 160
5.15 SEM micrograph of the freeze-dried FA at a magnification of 200x. . . . . . . . . . 161
6.1 Cross section of water condensation under mini-greenhouse film in the field. . . . . . 166
6.2 UV-Vis spectrum of the water droplets collected over different soils after 4hrs of
irradiation in the QSun. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
6.3 Cross-sections of the film laid over the solutions in direct contact with the film (on
the right), film laid over water with headspace (on the left). . . . . . . . . . . . . . 176
6.4 Time to embrittlement for PE control film in presence of water, with and without
headspace. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
6.5 CI for a) the upper side and b) underside of control PE films during accelerating
ageing in presence of water, with and without direct contact. . . . . . . . . . . . . 178
6.6 Time to embrittlement for control PE film over different concentrations of salted water.180
6.7 CI for a) the upper side and b) underside of control PE films during accelerating
ageing over different concentrations of salted water. . . . . . . . . . . . . . . . . . 181
6.8 Time to embrittlement for control PE film over nitrite and nitrate solutions in com-
parison with air and water. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
6.9 CI for a) the upper side and b) underside of control PE films during accelerating
ageing over nitrite, nitrate, air and water. . . . . . . . . . . . . . . . . . . . . . . . 184
6.10 Time to embrittlement for control PE film over solutions with different concentration
of H2O2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186
List of Figures xxxi
6.11 CI for a) the upper side and b) underside of control PE films during accelerating
ageing over different concentration of H2O2 in solution. . . . . . . . . . . . . . . . 187
6.12 Time to embrittlement for IPPE film over different substrates. . . . . . . . . . . . . 188
6.13 CI for a) the upper side and b) underside of IPPE films during accelerating ageing
over water with and without headspace in contrast with salted water and air. . . . . 189
6.14 CI for a) the upper side and b) underside of IPPE films during accelerating ageing
over nitrite and nitrate in solution in comparison to water and air. . . . . . . . . . . 191
6.15 CI for a) the upper side and b) underside of IPPE films during accelerating ageing
over phosphite and phosphate in solution in comparison to water and air. . . . . . . 192
7.1 Bars represent time for PE film to embrittle over different soil types,  indicates the
temperature under the film. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200
7.2 CI over time for PE control film over different soil types. . . . . . . . . . . . . . . . 201
7.3 Bars represent time for PE film to embrittle over different soil types,  indicates the
temperature under the film . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202
7.4 CI over time for PE control film over different soil types. . . . . . . . . . . . . . . . 204
7.5 Bars represent time for PE film to embrittle over sand with different pH,  indicates
the temperature under the film . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205
7.6 CI over time for PE control film over sand with pH varying from 4.5 to 7.6. . . . . . 206
7.7 Bars represent time for PE film to embrittle over different pH buffers. . . . . . . . . 207
7.8 CI over time for PE control film over pH buffer ranging from 4 to 10, in comparison
to water (as a control). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208
8.1 Diagrams of the different parameters influencing polyethylene degradation in a nat-
ural environment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217
B.1 Bars represent time for PE film to embrittle over different substrates,  indicates
the temperature under the film. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 265
B.2 CI over time for PE control film over different soil types. . . . . . . . . . . . . . . . 267
B.3 Time for PE film to embrittle over different substrates. . . . . . . . . . . . . . . . . 268
B.4 CI over time for PE control film over different substrates. . . . . . . . . . . . . . . 269
C.1 Cross section of the film in the field. . . . . . . . . . . . . . . . . . . . . . . . . . 271
C.2 Bars represent time for PE film to embrittle over different substrates, indicate the
temperature under the film. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 272
xxxii List of Figures
C.3 Bars represent time for PE film to embrittle over different substrates,  indicates
the temperature under the film. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 273
C.4 CI over time for PE control film over different substrates. . . . . . . . . . . . . . . 274
D.1 Bars represent time for PE film to embrittle over different substrates. . . . . . . . . 278
D.2 CI over time for PE control film over different substrates. . . . . . . . . . . . . . . 280
List of Tables
2.1 Absorbance bands reported in FTIR-ATR spectra for oxidation products of PE. . . . 45
3.1 Regression output for solar radiation dose versus different factors. . . . . . . . . . . 52
3.2 Pro-degradant concentration in the final film formulations. . . . . . . . . . . . . . . 53
3.3 Characterisation of soils from each site used to trial the degradation of oxo-degradable
films. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.4 Whitening above ground for TiO2 containing films at different locations during the
2011 trial. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.5 Time to embrittlement above ground for TiO2 containing films at different locations
during the 2011 trial. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
3.6 Time to embrittlement above ground for CoSt containing films at different locations
during the 2009 and 2011 trials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
3.7 Time to embrittlement above ground for FeSt and FeSt/TiO2 containing films at
different locations during the 2009 and 2011 trials. . . . . . . . . . . . . . . . . . . 65
3.8 Regression output for total solar radiation versus different factors. . . . . . . . . . . 66
3.9 Pro-degradant concentration in the final film formulations. . . . . . . . . . . . . . . 69
3.10 Characterisation of soils from the different sites that were used to trial the degradation
of films in 2014. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
xxxiii
xxxiv List of Tables
3.11 Time to embrittlement above ground for PE at different locations over each sub-
strates during the 2014 trial. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
3.12 Time to embrittlement above ground forTiO2 at different locations over each sub-
strates during the 2014 trial. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
3.13 Time to embrittlement above ground for FeSt at different locations over each sub-
strates during the 2014 trial. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
3.14 Time to embrittlement above ground for CoSt at different locations over each sub-
strates during the 2014 trial. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
4.1 Pro-degradant concentration in the final film formulations. . . . . . . . . . . . . . . 83
4.2 Parameters of one QSun cycle used for accelerated laboratory ageing. . . . . . . . . 84
4.3 Water holding capacity of the different soils. . . . . . . . . . . . . . . . . . . . . . 88
4.4 Percentage of transmittance at 585 nm for TiO2 containing films after 1 day of
ageing over different substrates (before ageing transmittance @ 585=85%). . . . . . 95
4.5 Parameters of one QSun cycle used for accelerated laboratory ageing. . . . . . . . . 102
4.6 Time to embrittle for the PE control film laid over the different subtractes in the
controlled accelerated ageing device Qsun. . . . . . . . . . . . . . . . . . . . . . . 105
4.7 Time to embrittle for TiO2 and CoSt films over the different substrates in the con-
trolled accelerated ageing device Qsun. . . . . . . . . . . . . . . . . . . . . . . . . 106
4.8 Time to embrittlement for PE control film over different substrates in the controlled
accelerated ageing device Qsun. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
4.9 Time to embrittle for the TiO2 and CoSt films over the different substrates in the
controlled accelerated ageing device Qsun . . . . . . . . . . . . . . . . . . . . . . . 115
5.1 Percentage of transmittance at 585 nm for TiO2 containing films over different
substrates (initial transmittance before ageing @ 585=85%). . . . . . . . . . . . . . 130
5.2 Headspace analysis instrument operating conditions . . . . . . . . . . . . . . . . . 138
5.3 Soils characterisation from SWEP and elemental analysis. . . . . . . . . . . . . . . 140
5.4 Soils nutrients measured by FIA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
5.5 UV-Vis characterisation of dissolved organic matter from soils. . . . . . . . . . . . . 143
5.6 Volatile compounds of Forthside, Pinjarra and Thornlands soil identified by GC/MS. 147
5.7 Elemental composition, atomic ratio of the humic substances. . . . . . . . . . . . . 149
5.8 Nutrients composition of the humic acids analysed by FIA. . . . . . . . . . . . . . . 150
5.9 Main UV parameters for the humic substances. . . . . . . . . . . . . . . . . . . . . 151
5.10 Attribution of the infrared peaks of the different humic acids. . . . . . . . . . . . . 155
Nomenclature xxxv
5.11 Peak area of the major NMR bands of humic acids and fulvic acids. . . . . . . . . . 158
5.12 Production of hydroxyl radical from different HAs under different irradiation conditions.159
5.13 Table summarising the main finding of the soil characterisation. . . . . . . . . . . . 162
5.14 Table summarising the main finding of the HAs characterisation. . . . . . . . . . . . 163
5.15 Table summarising the main finding of the FAs characterisation. . . . . . . . . . . . 164
6.1 Anion concentration and pH of condensed water droplet from different substrates
after 4 hr under irradiation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
6.2 Photo-production of hydroxyl radical upon solution irradiation characterised by the
surface area of the HPLC fluorescence peak. . . . . . . . . . . . . . . . . . . . . . 172
6.3 Ion solutions prepared for photo-degradation of PE film . . . . . . . . . . . . . . . 175
7.1 List of model soil prepared for photo-degradation of PE films. . . . . . . . . . . . . 197
7.2 Parameters of one QSun cycle used for accelerated laboratory ageing. . . . . . . . . 198
7.3 Characterisation of the three different soil type used to trial the photo-degradation
of PE control film. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199
A.1 Characterisation of the four soils used in site trials (2009-2011). . . . . . . . . . . . 254
A.2 Nutrient composition of the four soils used in site trials (2009-2011). . . . . . . . . 255
A.3 Biological composition of the four soils used in site trials (2009-2011). . . . . . . . 256
A.4 Characterisation of the five soils used in soil trial 2014. . . . . . . . . . . . . . . . . 257
A.5 Nutrient composition of the five soils used in soil trial 2014. . . . . . . . . . . . . . 258
A.6 Biological composition of the five soils used in soil trial 2014. . . . . . . . . . . . . 259
A.7 Characterisation of the soils use for the model soil trial under accelerated ageing. . . 260
A.8 Nutrient composition of the soils use for the model soil trial. . . . . . . . . . . . . . 261
A.9 Biological composition of the soils use for the model soil trial. . . . . . . . . . . . . 262
B.1 Substrates characterisation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 264

Nomenclature
∆Hf enthalpy of fusion
∆H?f enthalpy of fusion of 100% crystalline polyethylene
∆G “apparent” activation energy
Φobs quantum yield
σ stress
3DOM* triplet excited state of dissolved organic matter
Xc(%) degree of crystallinity
I radiant intensity
Mw molecular weight
p Schwarzschild coefficient
t time of exposure
A constant related to material
BOM bureau of meteorology
BUR blow up ratio
xxxvii
xxxviii Nomenclature
CEC cation exchangeable balance
CI carbonyl index
CL chemiluminescence
CoSt cobalt stearate
CP-MAS cross-polarization magic angle spinning
CRC-P cooperative research centre for polymers
CT charge transfert
DOM dissolved organic matter
Ea activation energy of degradation
e−cb electron at the conduction band
ESC environment stress cracking
FA fulvic acid
FAs fulvic acids
FeSt iron stearate
FIA flow injection analyser
FTIR-ATR fourier transform infrared - attenuated total reflectance spectroscopy
GC gas chromatography
GC/MS gas chromatography/mass spectrometry
GPC gel permeation chromatography
h+νb hole at the valence band
HA humic acid
HALS hindered amine light stabilizers
HAs humic acids
HDPE high density polyethylene
Nomenclature xxxix
HMW high molecular weight
HS humic substance
HS/SPME head-space/solid-phase micro-extraction
HSs humic substances
In• initiator
LCB long chain branching
LDPE low density polyethylene
LLDPE linear low density polyethylene
Mx metal ion
Mn number average molecular weight
MD machine direction
MS mass spectrometry
MSL methyl sequence length
NIST national institute of standards and technology
NMR nuclear magnetic resonance spectroscopy,
O−2 • superoxide radical
OH hydroxy radical
OM organic matter
P• polymer radical
PE polyethylene
PH polymer molecule
POO• polymer peroxy radical
POOH polymer hydroperoxide
PO polymer alkoxy radical
xl Nomenclature
R gas constant
RAs relative amounts
RH relative humidity
ROS reactive oxygen species
RT retention time
SAXS small angle X-Ray scattering
SC step crystallisation
SCB short chain branching
SE Coef standard error of the coefficient
SEC size exclusion chromatographye
SEM scanning electron microscopy
SRD solar radiation dose
SS-NMR solid-state nuclear magnetic resonance
SSA successive self-nucleation and annealing
SSL split/splitless injectors
T temperature
Tc crystallisation temperature
Tm melting temperature
TA terephthalic acid
TA-OH hydroxyterephthalic acid
TD transverse direction
TOC total organic carbon
TUR take up ratio
UV ultraviolet light
Nomenclature xli
UV-Vis UV-Visible Spectroscopy
VI vinyl index
WAXS wide angle X-Ray scattering

CHAPTER 1
Introduction
1.1 Project Background
Polyethylene (PE) films are widely used in agricultural applications as thin films, mulch films,
and crop propagation films. The aim of the mulch film is to suppress weed growth thus reducing
the use of herbicide, while crop propagation films are used to enhance crop growing conditions.
In this case, the film provides a mini-greenhouse environment to crops (Figure 1.1), allowing
better water and moisture retention as well as increasing the temperature under the film. This
Figure 1.1: Cross section of a mini-greenhousefilm in the field.
1
2 Introduction
results in an improvement in the rate of seed germination, initial plant growth, and, in theory,
leads to a higher yield, earlier planting time and cost reduction by saving water and reducing
chemical treatment.
However, as PE is essentially non degradable at the human life scale [Albertsson et al., 1987,
Koutny et al., 2006, Bonhomme et al., 2003], most films used around the world remain intact
after their useful lifetime. This means that after one crop cycle, these films require removal
from the field prior to disposal in landfill. The removal process is not only an expensive
practice but it is also a tedious task as film fragments can clog machinery and may hinder the
growth of subsequent crops. The financial aspect is also an important parameter to consider
as additional costs are associated with transporting the waste to landfill. In addition, there
are only limited landfill facilities that can contain these wastes. Furthermore, the widespread
use of non-degradable plastic film over many years may damage the sustainability of rain-fed
agro-ecosystems, by accelerating the decomposition of soil organic matter, changing the soil
structure, and influencing root development [Acharya et al., 2005]. It is therefore important
to develop novel, environmentally friendly and degradable products that do not damage the
field ecosystem. The ideal solution would be a truly biodegradable film, whose degradation
by products can be entirely assimilated by micro-organisms and/or converted into non-toxic
gaseous form (such as CO2).
Currently, truly biodegradable films are commercially available but at a much higher cost,
hindering their utilisation due to poor competitiveness with conventional films. Another draw-
back originates from the inability to accurately predict the degradation rate and the lifetime
of these films in the field. A cost effective, reliable solution could be to utilise pro-degradants
such as transition metal stearates that enhance the thermal and/or photo degradation of PE
films. These pro-degradants must ensure that the films maintain their mechanical and physi-
cal properties during their useful life, but enable the film to become brittle once this stage is
reached, to allow the plant to penetrate through the film and to then allow the film to fragment
before harvesting.
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Overall the degradation of PE films using pro-oxidant additives can be divided into three
stages:
1. the induction period: the time required until the oxidation-degradation begins,
2. the oxidation period: the period in which oxidation occurs until the film embrittles,
3. the bio-assimilation period: in which aerobic or anaerobic degradation and uptake by
micro-organisms takes place.
Ideally, the small film fragments remaining after embrittlement can be ploughed back into
the soil and continue to degrade over time. When the fragments of PE film reach below 500
molar mass through oxidation and chain scissions as well as through the action of some selective
organisms, micro-organisms in general should be able to consume the residues and eventually
convert low molecular weight PE into biomass [Bonhomme et al., 2003].
One of the most important aspects of the use of oxo-degradable PE films is the ability to
tailor the film degradation rate to the crop type. To date, some commercial oxo-degradable
films are available, but their drawbacks include a lack of reliability in the prediction of the
lifetime of the film as well as the limited degradation of these films in soil. In order to achieve a
controllable degradation of oxo-degradable PE films, a better understanding of the synergistic
effect between the sunlight, the temperature and the environmental (atmosphere, soil, water,
etc.) factors on the natural degradation process is required. Many articles have focused on
degradation in accelerated and well controlled laboratory devices, but few have explored the
natural ageing behaviour which is much more complex.
The topic of this PhD thesis forms part of the Cooperative Research Centre for Polymers
(CRC-P) program on the development of polyolefin-biopolymer films for more sustainable agri-
cultural production. This project is a continuation of the initial development of oxo-degradable
polyolefin films for agricultural application, where multiple large field trials have already been
completed. The results of these studies, when analysed as a whole, indicate the potential in-
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fluence of factors associated with field trial site other than temperature and U.V. exposure, on
the rate of degradation of these films. This was confirmed by a statistical analysis of the site-
dependent data from several years of trials, which demonstrated that the time of embrittlement
was sensitive to the soil type for the same delivered solar dose and prevailing temperature. This
was a most unexpected result for a PE base film and suggested that in the head-space under
the film there is a potential interaction between soil chemistries and the film under specific
conditions. The aim of this work is to investigate the effect of different soil types on the rate of
polymer film photo-degradation, and try to identify which parameters could have a significant
effect on the degradation rate.
1.2 Thesis Objectives
The overall objective of the project is to understand the site dependency of the above-ground
degradation rate of oxo-degradable polyethylene thin films. Factors to be considered include
the effects of the soil composition and influence of the environmental exposure conditions, via
analysis of the various field trials conducted across Australia, as well as laboratory controlled
simulated environment ageing studies. The objective is to better understand the degradation
behaviour of film in use in the field. Figure 1.2 summarises the different environmental factors
that are believed to affect the degradation process of PE films. The system complexity resides in
the potential interaction effects (particularly synergistic ones) as well as individual contributions
of each parameter to PE photo-degradation.
The key objectives of this project are:
• To quantify the extent of variation in the degradation rate of oxo-degradable films in the
field,
• To compare the effects of different soil types on the film degradation rate,
• To determine which element/s in the soil is/are affecting the degradation of the film via
model soils, and
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Figure 1.2: Scheme representing the complexity of factors affecting the degradation rate of PE film.
• To establish a degradation mechanism which includes this soil effect.
In this study only the above-ground degradation of the PE films was characterised. The
edges of the film which are below ground have a limited rate of degradation as they are not
exposed to sunlight and are almost under anaerobic conditions. Thus, while there is ongoing
research to address this issue, it is beyond the scope of this current study.

CHAPTER 2
Literature review
This literature review aims to cover current understandings with respect to polyethylene, from
its production to its degradation mechanisms, including the factors influencing its degradation
rate and mechanism as well as the different techniques used to characterise polymer degradation.
In particular, the ageing of polymers in natural environments in comparison with those aged
in accelerated (laboratory based) ageing protocols will be discussed.
2.1 Polyethylene
Polyethylene (PE) is a common semi-crystalline thermoplastic synthesised from the monomer
ethylene, which is a gaseous hydrocarbon derived from petrochemicals. It has a very simple
backbone structure as given in Figure 2.1. Its polymerisation process varies depending on the
initiator and/or types of catalyst used to polymerise the monomer ethylene.
The degradation behaviour of PE then depends on variables such as the extent and type of
branching, the molecular weight (Mw), the material morphology, the extent of orientation of
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Figure 2.1: Polyethylene skeletal structure.
the polymer chains, the surface chemistry, the homogeneity and the crystal structure.
In 2011, its annual global production was over 60 million tonnes [Industry, 2011]. Global
demand for polyethylene resins will rise 4.0%/year to 99.6 million metric tons in 2018. S&P
Global Platt [2015] stated that worldwide polyethylene production is set to grow from 84.7
million metric tons in 2015 to 121 million metric tons by 2026 [Platt, 2015]. The successful use
of polyethylene as engineering materials is due to its many advantages:
• excellent elongation at break,
• easily processable,
• well controlled structures,
• well understood structure-property relationships,
• versatility,
• low cost, and
• stability.
2.1.1 Types of PE
PE is classified into several categories based on its density and the degree and type of chain
branching. The three most commonly used forms are: high density polyethylene (HDPE), low
density polyethylene (LDPE) and linear low density polyethylene (LLDPE).
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Figure 2.2: Schematic model of the structure of HDPE.
HDPE has a density ranging between 0.94 to 0.97 g/cm3. HDPE has very few branches
allowing the long chains to easily pack together resulting in higher density, as illustrated in
Figure 2.2. As a result it has a high degree of crystallinity (55-77%) which results in strong
intermolecular forces and increased yield strength [Peacock, 2000].
Figure 2.3: Schematic model of the structure of LDPE.
LDPE has a density ranging from 0.91 to 0.94 g/cm3. It contains both long chain branching
(LCB) and short chain branching (SCB) (Figure 2.3). This branching limits the chains ability
to closely pack, resulting in a lower degree of crystallinity [Peacock, 2000]. LDPE has lower
intermolecular forces leading to lower yield strength and an increase in ductility.
Figure 2.4: Schematic model of the structure of LLDPE.
LLDPE is a copolymer with a density ranging from 0.90 to 0.94 g/cm3. It is almost linear
and does contain some short chain branching, as shown in Figure 2.4. The short chain branching
defines the physical properties. Generally LLDPE has good tensile, impact and tear resistance
properties.
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Figure 2.5: Schematic molecular representation of PE semi crystalline structure.
2.1.2 Semi-crystalline structure of PE
PE is a polymer containing both crystalline and amorphous regions. On the one hand, the
crystalline regions of PE have ordered aligned polymer chains, that are folded to form a lamellae
crystal, which gives the polymer its rigid and brittle properties. On the other hand, the
amorphous regions give the polymer its ductility due the presence of disordered polymer chains
with segmental flexibility.
Four types of molecules are present in the amorphous regions:
• tails with one free end,
• loops which start and end in the same lamellae,
• floating molecules which are unattached to any lamella, and
• tie molecules which act as bridges joining two lamellae.
They are all represented in Figure 2.5.
Tie molecules have the role of holding the crystalline regions together. They play an im-
portant role in polyethylene degradation, as they are readily scissioned in the oxidation process
due to being in the amorphous region through which oxygen can diffuse. Since they tie the
PE crystals together, their scission induces changes in physical properties such as a decrease in
elongation at break [J.F.Rabek, 1995].
Overall, the PE crystalline structure depends on the PE types (HDPE, LDPE, LLDPE) as
discussed but it is also impacted by the polymer processing technique.
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Figure 2.6: Axis representation of a lamellar crystal [Zhang et al., 2004, Hsu, 2012].
2.1.3 PE structural orientation
As presented in Section 2.1.2, the PE semi-crystalline structure comprises in addition to the
interlamellar amorphous region, a well packed and ordered lamellae within the crystalline re-
gion. When blowing film, the different PE types will have an impact on the orientation and
arrangement of the lamellae units, due to their differences in branching and density. Although
a considerable number of research studies have investigated the structure of PE blown films in
order to relate their morphology with the solid-state properties of the film, there are still some
behaviours that are not completely understood.
Two different structural models have been proposed for PE blown film: the α-axis structure
[Holmes et al., 1953] and the row-nucleated structure [Keller and Machin, 1967].
These models describes the lamellar structure and orientation of blown films using 3 axes
(Figure 2.6):
• the a or α axis in the lamellar stacking direction,
• the b axis in the lamellar growth direction, and
• the c axis in the molecular chain folded direction.
HDPE and LDPE blown films have a row-nucleated structure, with lamellae stacking in the
machine direction (MD), while LLDPE has a spherulite-like structure, with random lamellar
arrangement (Figure 2.7).
The structure proposed by Keller and Machin has been the widest adopted model to un-
derstand the orientation of PE blown films [Zhang et al., 2004, Chen et al., 2006]. Keller and
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Figure 2.7: Schematic representation of morphological developments of different type of PE during blowing
processing [Zhang et al., 2004] (where MD represents machine direction and TD the transverse direction).
Machin defined two models of crystallisation, which depend on the stress level developed in
the melt. At low stress, the Keller-Machin Type I morphology is preferred. In this case the
lamellae grow outward from a central nucleation site in the form of twisted ribbons, with their
growth axis parallel to the b-axis. This crystallisation process causes a preferential orientation
of the a-axis parallel to the machine direction, which is independent of PE types [Zhang et al.,
2004, Chen et al., 2006].
At high stress, the Keller-Machin Type II morphology is favoured, in which the lamellae
extend radially without twisting. The regular folded chains (in the c-axis) within the lamellae
remain parallel to the extended microfibers, resulting in the c-axis oriented preferentially along
the machine direction. The Keller-Machin type I morphology is the most commonly observed
in PE blown films, based on X-ray studies [Desper, 1969, Pazur and Prud’homme, 1996, Lu
et al., 2001, Lu and Sue, 2001], while the Keller-Machin type II morphology has only been
observed in some HDPE blown films [Maddams and Preedy, 1978, Yu and Wilkes, 1996].
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2.2 Polyethylene film processing and applications
2.2.1 Film blowing
This section only focuses on the film blowing extrusion technique as, in this thesis, all the films
studied were blown extruded. Film blowing extrusion is the most widespread method used in
industry to produce film. This technique is relatively low cost and very versatile. The blowing
process allows in some cases a bi-axial stretching of the PE.
A single-screw extruder is generally used to extrude molten PE through an annular die
before blowing the molten polymer with air from the centre of the die, forcing it to expand in
the transverse direction (TD). The molten tube is then stretched and pulled upwards by nip
rolls, in the machine direction (MD) (Figure 2.8).
The outside surface of the bubble is cooled down simultaneously by an air ring [Zhang et al.,
2001]. This ring controls the film cooling rate which in turn defines the frost line (in parallel
with the polymer crystallisation rate).
During film-blowing, the take-up ratio (TUR) determines the stretch in the machine direc-
tion, while the blow-up ratio (BUR) controls the amount of expansion of the bubble (related
to the stretch in the transverse direction). The TUR is the ratio between the speed of the
uptake rollers and the average speed of the feed at the die exit. The BUR is given by the ratio
between the final diameter of the bubble and the die diameter. The transition zone between the
melt and solid phase is called the frost or freeze line. In this area, solidification of the polymer
occurs. In the case of semi-crystalline polymers it is the point where crystals are being formed.
The height and the width of the frost line are characteristic of the polymer crystallization rate.
In the case of a wide frost line a slow crystallisation is occurring, while a narrow frost line
results from fast crystallisation. Those important parameters define the amount of orientation
given to the film with respect to the transverse and machine directions, and affect the lamellar
morphology and degree of crystallinity, which both have an impact on the rate and mechanism
of film degradation.
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Figure 2.8: Schematic cross section of film blowing extrusion process.
The final properties of blown films are determined by a complex relationship involving ma-
terial properties, the structure developed during the blowing process, the rate of crystallisation
and the morphology development. The morphology of blown films generally depends on the
overall processing parameters such as TUR, BUR, frost line height, and extruder barrel tem-
peratures profile as well as on the molecular structural parameters such as molecular weight,
molecular weight distribution, degree of long-chain branching and the type and distribution
of short chains. Considerable efforts have been devoted into defining the relationship between
processing conditions and the structure and properties of blown films [Prasad et al., 2001].
Different techniques are used for the detection and characterisation of chain orientation in
polymers, such as birefringence, small angle X-ray diffraction (SAXS) and wide angle X-ray
diffraction (WAXD), as described further in Section 2.6.
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Figure 2.9: The impact of variable film embrittlement times on plant growth.
2.2.2 Agricultural application of polyethylene film
Polyethylene films
PE is extensively used in agricultural applications such as thin films, mulch films, and crop
propagation films. PE crop propagation films mimic a mini-greenhouse, where under the films,
a sealed environment will promote crop production by increasing soil temperature and moisture
retention in the head-space. The mini-greehouse provides an enclosed environment, reducing
the run out of fertilisers and herbicides leading to a reduced requirement for those chemicals to
be applied [Briassoulis, 2007, Billingham et al., 2003, Abrusci et al., 2011].
In some applications, such as crop propagation films, it is necessary to accurately control
the rate of degradation of the film above ground. Depending on the crop cycle, film has to
break down between a few weeks to several months, to allow the crop to penetrate the film at
the appropriate time (Figure 2.9).
However, PE is not readily degradable within the time frame of a growing season, resulting
in the accumulation of plastic waste at the end of its use, therefore requiring collection and
disposal (generally by burial in landfill or incineration). To enhance the degradability of PE film,
different pro-degradants can be incorporated into the polymer during processing to promote
oxidation through the acceleration of hydroperoxide decomposition [Koutny et al., 2006, Wiles
and Scott, 2006, Corti et al., 2010, Ammala et al., 2011, Nikolic et al., 2012].
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Oxo-degradable polyethylene films
In order to control and enhance the degradability of PE, pro-degradants designed to accelerate
PE oxidation are most commonly used, in the form of transition metal salts or their carboxy-
lates, such as stearates. Metal salts are incorporated into PE during processing [Koutny et al.,
2006, Wiles and Scott, 2006, Corti et al., 2010, Ammala et al., 2011]. Oxo-degradable polyolefin
systems are typically designed to degrade in the presence of oxygen, heat, and/or ultraviolet
(UV) exposure. This will induce chemical and physical reactions, and in some cases biological
interactions causing the breakdown of the long polymer chains into small, low-molecular weight
fragments that can then potentially be bio-assimilated [Chiellini et al., 2006, Ammala et al.,
2011]. The degradation process to the embrittlement stage is thereby shortened from hundreds
of years to years and/or months. The degradation rate depends on the type and concentration
of pro-degradant as well as the environment to which the film is exposed (including amount of
sunlight exposure, temperature, compost or normal soil, availability of oxygen, etc.).
If the degradation rate of oxo-degradable PE film can be controlled, the film could be
tailored to suit a specific crop, offering the optimal growing conditions for that crop. Such a
tailored degradable film would be of great benefit as it would fragment into small pieces at end
of its useful life, allowing it to be ploughed back into the soil between crop cycles. This would
eliminate the removal of the film and disposal process.
2.3 Polyethylene degradation mechanism
Polyethylene degradation in the environment can be divided into two stages:
• abiotic oxidation,
• biotic degradation.
The initial abiotic oxidation is an important stage, which determines the rate of the en-
tire degradation process. During abiotic degradation, functional groups such as carboxylic or
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hydro-carboxylic acids, esters as well as aldehydes and alcohols are introduced onto the carbon
chain polymer backbone, resulting in chain scission [Karlsson et al., 1988, Weiland et al., 1995,
Chiellini et al., 2003, Ammala et al., 2011, Gomes et al., 2014], as described in Section 2.3.1.
Then the biotic degradation can take place, as the insertion of the different functional groups
into PE samples aids biodegradation [Yamada-Onodera et al., 2001]. At this stage the micro-
organisms are able to digest the polymer once its molecular weight has sufficiently decreased
as due to the presence of the oxygen groups which makes the resulting oligomeric compounds
more hydrophilic. The biotic degradation will be detailed in Section 2.3.2.
2.3.1 PE abiotic oxidation mechanism
Polyethylene is not readily degradable; it takes decades or more to degrade depending on its
environmental exposure. It is thus defined as a stable polymer. However, over time, it is
susceptible to photo and/or thermal degradation [Severini et al., 1986, Hamid and Amin, 1995,
Severini et al., 1999, Scoponi et al., 2000]. The sensitivity of PE to degradation is mostly due
to the presence of impurities introduced during processing, such as oxidised species (POOH)
or breakage of chains.
PE film degradation starts with an induction period, followed by the free radical reaction
leading to oxidation. During the induction period, the PE film still remains intact with its initial
mechanical strength retained in full, allowing moisture retention and heat to accumulate under
the film. For PE to undergo oxidation it must be in presence of oxygen. The oxygen diffuses
from the surface to the bulk of the polymer, through the amorphous regions as compared to the
crystalline regions which are too densely packed for ready gas diffusion [Koutny et al., 2006,
Kyrikou and Briassoulis, 2007, Briassoulis, 2007].
The oxidation of PE can be divided into 4 different stages: initiation, propagation, chain
branching and finally termination [Rabek, 1990].
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Initiation
Initiation consists of the generation of free radicals species. Radicals are formed by the ab-
straction of hydrogen by an initiator In• (Equation 2.1), in the presence of light and/or heat.
PH + In• hν,heat−−−−→ P•+ InH (2.1)
Once the oxidation process starts, complex mechanisms of formation and decomposition of
hydro-peroxides are then underway [Corrales et al., 2002]. The initiator is usually an impu-
rity that can be either internal or external to the polymer [Yousif and Haddad, 2013]. The
internal impurity can be introduced during the polymerization processing, and may contain
chromophoric groups such as: hydroperoxides, carbonyls, unsaturated bonds (C=C) and cat-
alyst residues [Kerber and Schnabel, 1983]. External impurities can be traces of solvents,
catalyst, compounds from a polluted urban atmosphere, additives (pigments, thermal stabi-
lizers, photostabilizers...), traces of metals and metal oxides from processing equipment and
containers (Fe, Ni, Cr...). The hydroperoxide POOH is the most important initiator, as it is
extremely photolabile, and usually decomposes to produce radicals and abstract an hydrogen
from the polymer and thus initiate the photo-oxidation.
Propagation
The polymer based free radicals react with oxygen to produce polymer peroxy radicals (POO•)
(Equation 2.2), which abstract hydrogen from the polymer chain and generate polymer hy-
droperoxide (POOH) creating a new polymer radical.
P•+O2 −→ POO•
POO•+ PH −→ POOH + P•
(2.2)
The first propagation step is limited by the concentration of oxygen diffused into the polymer
chains. In the absence of oxygen, the alkyl (polymer) radical migrates in the amorphous regions
until it terminates with another radical species.
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Branching and scission
Decomposition of the polymer hydroperoxides leads to the formation of hydroxyl and polymer
oxy radicals via chain scission reactions of alkoxy radicals.
POOH −→ PO•+OH•
2POOH
PH−−→ PO•+ POO•+H2O
(2.3)
The abstraction of hydrogen from the same or another polymer molecule by polymer alkoxy
radical or hydroxyl radical will induce the formation of functional groups or polymer radical
(Equation 2.4).
PO•+ PH −→ POH + P•
OH•+ PH −→ H2O + P•
(2.4)
Equation 2.5 represents the formation of functional groups such as aldehydes and carboxylic
acids during β scission of the alkoxy radical, which is characteristic of thermo-degradation
[Costa et al., 1997].
PO• −→ PO + P• (2.5)
During photo-oxidation the Norrish type I and II reactions are favoured compared to the β
scission reaction (Figure 2.10).
Figure 2.10: Photo-oxidation of ketones following Norrish I and/or Norrish II degradation adapted from
Feldman [2002], Ammala et al. [2011], Gardette et al. [2013].
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In the case of the Norrish type I reaction, the photochemical cleavage of aldehydes and
ketones leads to the formation of two free radical intermediates, ending in the production of
carboxylic acids, esters and lactone [Gardette et al., 2013].
In contrast, the Norrish type II reaction is the photo-chemical formation of ketones and
vinyl unsaturation via a rearrangement reaction [Costa et al., 1997].
All together, the propagation stage results in polymer chain scission and the formation of
oxidised polymer products, along with the less common cross-linking reaction.
Termination
The termination step is favoured when the oxygen concentration is low. Stable products are
generated by the termination reactions below.
POO•+ POO• −→ POOP +O2
POO•+ P• −→ POOP
P•+ P• −→ PP
PO•+H• −→ POH
P•+H• −→ PH
(2.6)
The chains terminate also when two peroxy radicals recombine. In the case of secondary
peroxy radicals, they terminate according to the Russell [Russell, 1957, Gijsman, 2011, Pickett,
2018] mechanism to give an alcohol and a ketone as described by equation 2.7.
POO•+ POO• −→ POH + POP +O2 (2.7)
Overall the polymer degradation rate is dependent on several factors such as, but not limited
to, polymer processing, oxygen availability and pressure, temperature, percentage and type of
stabilisers present, sample thickness, molecular structure, and the number of tertiary carbon
atoms available in the main chain [Khabbaz et al., 1999]. At low oxygen concentrations and
with a high number of initiating events, the cross-linking step predominates. At high oxygen
2.3 PE degradation mechanism 21
Figure 2.11: Degradation of Polyethylene adapted from Billingham [2009], Bolland [1949].
concentrations, the propagation step is rapid after initiation, leading to auto-oxidation and a
decrease in the average molecular weight. The decomposition of hydroperoxide is the overall
rate limiting factor for this oxidation [Billingham, 2009].
The initiation of oxidation, hydrogen atom exchange and chain breakage reactions occurs
continuously in the polyolefin materials and each reaction promotes the other reactions, since
one product can be the reactant of another oxidation process [Bolland, 1949, Billingham, 2009]
as described in Figure 2.11.
In general, oxidation is accelerated at elevated temperature, as this increases molecular
motion to reduce alkyl and hydrogen radical termination. During this first stage of oxidation,
the incorporation of oxygen into the carbon chain polymer backbone results in the formation of
functional groups as well as a decrease in molecular weight, which changes the polyethylene from
hydrophobic to hydrophilic thereby allowing the oxidized polymer to absorb water. The second
stage is the biotic degradation or biodegradation of the oxidation products by micro-organisms
that consume the oxidized carbon backbone fragments to form CO2, H2O and biomass.
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2.3.2 PE biotic degradation mechanism
The biotic degradation is triggered by micro-organisms (bacteria and fungi) which can modify
and consume the polymer. The biodegradation of polyethylene has been reported to be ex-
tremely slow under normal conditions [Hakkarainen and Albertsson, 2004, Koutny et al., 2006,
Corti et al., 2010, Ammala et al., 2011, Sen and Raut, 2015], due to the lack of functional
groups, high molecular weight and hydrophobic properties of PE. The prerequisite condition
for biodegradation is that the micro-organism should be able to use the polymer as its sole
source of carbon. For micro-organisms to be able to start the biodegradation of the polymer,
its molecular weight (Mw) needs to be reduced. It has been found that various bacteria are
able to utilise oxidised PE as a substrate [Roy et al., 2008b, Fontanella et al., 2010, Yang
et al., 2014]. In the literature, early studies showed that the polymer chain length needs to
be between 10 to 50 carbons (maximum) for micro-organisms to digest polymers/oligomers
[Peacock, 2000, Restrepo-Florez et al., 2014]. In more recent work, it was demonstrated that
longer molecules could be degraded [Bonhomme et al., 2003, Koutny et al., 2006], whereby an
initial photo-degraded polyethylene with a Mw of around 40,000 g/mol was bioassimilated. In
some cases, microbial enzymes can de-polymerize PE, which can then be absorbed by microbial
cells and then bio-degraded [Sen and Raut, 2015].
Other studies have focussed on the effect of fungi on the PE film surface [Weiland et al.,
1995, Yamada-Onodera et al., 2001, Manzur et al., 2004, Das and Kumar, 2014, Sheik et al.,
2015, Gajendiran et al., 2016], showing that fungi can degrade PE following the formation of
a biofilm on the polymer surface [Corti et al., 2010, Ojeda et al., 2009]. A humid environment
seems to promote the biotic degradation, as Ojeda et al. [2009] showed, with an increase in
both abiotic and biodegradation under saturated humidity as compared to natural humidity.
Overall, the biodegradation mechanism of polyethylene is complex and not fully understood.
This aspect of PE degradation was not considered as part of this current study, since the
degradation mechanism of concern was driven by the effect of UV, water, temperature and soil
2.4 Factors contributing to PE degradation 23
on the PE oxidation above ground.
2.4 Factors contributing to PE degradation
In the literature it has been reported that many factors can affect the degradation rate of
polymer such as: molecular structure; polymer morphology (degree of crystallinity, the amount
of branching); presence of impurities (such as chromophores) and their concentration; addition
of pro-degradant (their type and concentration); irradiation exposure (intensity, wavelength);
temperature; mechanical stress; water (humidity, condensed water); and Environmental Stress
Cracking (ESC).
2.4.1 Presence of Impurities
The introduction of impurities and/or chromophores can occur during polymerisation, process-
ing and/or storage [Nechifor, 2016], and can control PE photo-degradation. These impurities
are affecting PE chemical structure and hence PE photo-degradation. For example, inter-
nal impurities such as hydroperoxides, carbonyl groups, C=C double bonds, catalyst residues
[Hussain et al., 2010], traces of solvents and/or metals/metals oxides from processing can be
introduced into the molecular structure [Kerber and Schnabel, 1983]. Impurities can also be
inserted through the addition of other agents such as stabilisers, fillers, and/or pigments [Scott
and Gilead, 1995]. Finally external impurities can also be added by the environment to which
the polymer is exposed, such as pollution.
2.4.2 Addition of pro-degradants
To enhance the degradability of PE, pro-degradants in the form of transition metal salts or
other metallic species can be incorporated during processing to promote oxidation through the
decomposition of hydroperoxides [Wiles and Scott, 2006, Koutny et al., 2006, Corti et al., 2010,
Ammala et al., 2011, Nikolic et al., 2012] or through other mechanisms.
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Photo-degradation induced by the addition of photo-active titanium dioxide
Titanium, in the anatase phase has been reported as a powerful additive for enhancing the
photo-sensitivity of PE [Cho and Choi, 2001, Fa et al., 2010, Nikolic et al., 2012]. The equa-
tions below describe the photo-catalytic reactions of a UV irradiated Titanium dioxide (TiO2)
nanoparticle [Litter, 1999], where an electron is promoted from the valance band to the conduc-
tion band leaving a positive hole in the valence band and an electron in the conduction band
[Haque et al., 2012].
TiO2
hν−→ TiO2(e−cb, h+νb) (2.8)
where e−cb is an electron at the conduction band and h
+
νb is a hole at the valence band.
If charge separation is maintained, the electron and hole may migrate to the catalyst surface
where they participate in redox reactions. The equation below describes the formation of a
superoxide radical:
O2 + e
−
cb −→ O−2 • (2.9)
This is followed by neutralization of OH− group into OH• by the hole:
(H2O 
 H+ +OH−) + h+νb −→ OH•+H+ (2.10)
The photo-oxidation mechanism of PE containing TiO2 has been reported by Ohtani et al.
[1992], whereby the photo-generated hydroxyl radical abstracts a hydrogen from the polymer.
The resulting polymer radical then reacts with oxygen and the cascade reaction described
previously in Section 2.3 then proceeds.
Thermal and photo-degradation catalysed by metal salts
The most commonly used transition metal salts for promoting photo and thermal-degradation
of PE are: cobalt, iron and manganese; zinc is also employed in the form of zinc stearate for
its photo catalytic character [Barrkumarakulasinghe, 1994, Billingham et al., 2003, Wiles and
2.4 Factors contributing to PE degradation 25
Scott, 2006, Roy et al., 2006a,b, Koutny et al., 2008, Roy et al., 2008a, Gauthier et al., 2013].
Such metal salts act as redox catalysts in the decomposition of hydro-peroxide [Koutny et al.,
2006, Roy et al., 2006a,b, 2008a, Fontanella et al., 2010, Nikolic et al., 2012] as presented in
Equation 2.11:
M2+ + POOH −→M3+ + PO•+OH−
M3+ + POOH −→M2+ + PO2•+H+
Overall
2POOH −→ PO•+ PO2•+H2O
(2.11)
Transition metals also stimulate thermo-oxidation under dark ageing conditions. Several re-
searchers have reported that the decomposition of the hydro-peroxide is a limiting step in the
overall kinetics of oxidative degradation of polymers [Zaikov, 1998, Peterson et al., 2001]. By
adding transition metals into the polymer, as described in Equation 2.11, the hydroperoxide
decompositon is accelerated.
Roy et al. [2009] found that the enhancement of the degradation rate of PE by metal
stearates followed the order:
cobalt > manganese > iron
It was found that iron is primarily an effective photo-oxidant, while cobalt and manganese can
act both as photo-oxidant as well as thermo-oxidant. In this study the focus has therefore
been on the two types of effective pro-degradants iron and cobalt, which were incorporated as
stearate salts into the polymer matrix during processing.
2.4.3 Influence of irradiation exposure
One of the primary sources of damage exerted upon polymer material in outdoor conditions is
the action of sun-light. Sun emits radiation that is absorbed by the polymer. The exposure to
sunlight leads to changes in the original molecular structure of the polyethylene, which leads to
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the formation of oxidised products [Kaczmarek et al., 2005, Singh and Sharma, 2008, Yagoubi
et al., 2015, Nechifor, 2016, Babaghayou et al., 2016], as described in Section 2.3.1. Some studies
have investigated the effect of different radiation wavelengths and intensity and their effects on
the photo-degradation of polyolefins [Bigger et al., 1992, Andrady, 1997, Francois-Heude et al.,
2014].
A reciprocity law was initially established by Bunsen and Roscoe [1859], which describes
the relationship between irradiance I (photons/cm2) and time of exposure t (h), where the
photo-response of a material is only dependent on the total absorbed energy and independent
of the exposure time and intensity of the radiation, as described in the Equation 2.12 below:
It = Constant (2.12)
where: I is radiant intensity and t is exposure time
A critical consideration is whether or not a material obeys this reciprocity relationship, i.e.,
whether a doubling of the light intensity results in a doubling of the degradation rate. This
has been challenged by other researchers, as some deviations were observed for experiments
conducted at either very low or very high radiant fluxes.A modification to the reciprocity law
in order to fit low intensity, as described in Equation 2.13 was proposed by Schwarzschild [1900]:
Itp = Constant (2.13)
where: p is the Schwarzschild coefficient.
This p coefficient varies with material type, and in some cases with radiant flux. This equation
equates to the reciprocity law, when p = 1.
In a recent review, Nechifor [2016] found that there is a gap in the literature regarding the
effect of light intensity or dose rate on the photo-degradation rate of polymer. This was also
noticed in an earlier review published by Martin et al. [2003], where he found that very few
studies investigated the effect of light intensity on polymer degradation. Nevertheless, in his
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review the compilation of available data from different studies on polymeric materials revealed
that for a majority of polymers the p value would be ∼ 0.5-1.0, confirming that the reciprocity
law is a reasonable assumption in some cases only [Martin et al., 2003, Pickett et al., 2008,
Redhwi et al., 2014]. This was also confirmed by considering the effect of UV wavelength on
polymer degradation, which is commonly represented by an activation spectrum. This measure
gives a qualitative or semi-quantitative response of the material to a particular radiation source
[Andrady, 1997, Searle, 2000]. The degradation rate of a polymer may not only be a linear
function of the radiant energy dose; the spectral distribution of solar radiation could also be
a determining factor [Gonzalez-Mota et al., 2009]. In parallel, any synergistic or antagonistic
effects of different wavelengths needs to be taken into account [Andrady, 1997]. However, to
date only limited studies have been focused on the dose-response relationship of photo-damage
on polymer materials [Nechifor, 2016].
2.4.4 Influence of temperature
Among weathering variables, temperature will have an impact on polymer degradation. An
estimation of lifetime at lower temperatures can be made based on extrapolation of the polymer
performances at higher temperature using the Arrhenius Equation 2.14.
k(t) = Ae−
Ea
RT (2.14)
where k is the rate constant of chemical reaction or induction period,
A is a constant related to material and test conditions,
Ea is the activation energy of degradation (kJ/mol),
R is the gas constant (8.314 J/K/mol),
and T is the absolute temperature (K).
The thermal oxidation reaction rates are expected to increase with increasing temperature
[Peterson et al., 2001, Gardette et al., 2013, Tochacek and Vratnickova, 2014, Francois-Heude
et al., 2014]. This extrapolations methodology has been applied in polymer ageing studies for
28 Literature review
decades.
In the literature, the PE activation energy has been reported to vary between 50–90 kJ/mol
[Vasile et al., 1991, Cruz-Pinto et al., 1994, Peterson et al., 2001, Nechifor, 2016]. Unfortunately
those values are not always consistent. The differences observed might be due to differences
between PE properties as well as the different experimental conditions of the studies. Some
discussions have arisen from this extrapolation, questioning whether a complex thermal degra-
dation process based on chain scission and the formation of free radicals would obey a simple
Arrhenius behaviour [Gao et al., 2003, Celina et al., 2005, Gillen et al., 2005]. In some cases,
a curvature is observed in the plot of oxidation rate using the Arrhenius relation, which inval-
idates the extrapolation [Gillen et al., 2005, Celina et al., 2005, Blanco. et al., 2011, Celina,
2013]. In order to address those curvatures, for better lifetime prediction, Celina et al. [2005]
proposed to either introduce a second rate dependence to correct the linear extrapolation or to
measure the activation energy at low temperature.
2.4.5 Effect of Water
The presence of water can also have either a physical or a chemical effect on PE degradation
[Nechifor, 2016].
On the physical side, due to the ubiquitous presence of water in the environment, water
readily condenses on the inner surface (underside) of the covering plastic films. The presence of
this water condensate can influence the degradation of the film by changing the light intensity
due to sunlight reflection [Cemek and Demir, 2005], as well as affecting the heat transfer across
the cover and inducing environmental stress cracking effects [Tonyali and Rogers, 1987, Rink
et al., 2003, Arnold, 2003, Ayyer et al., 2008]. Condensation on the surface of the film reduces
solar transmission through the film by 13%, compared with dry film [Pearson et al., 1995, Cemek
and Demir, 2005, Lamnatou and Chemisana, 2013]. Part of the light is scattered and reflected
by the presence of water droplets on the surface of the polymer film [Kulshreshtha and Awasthi,
2000]. If the angle of the incident light hits the droplet at an angle higher than the specific angle
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Figure 2.12: Schematic of the sunlight pathway through the film and the water drop. In full line is the
incident light hitting the droplet at an angle of incidence higher than the limit angle γ resulting in the total
reflexion of the light. In dashed line the pathway of the incident light hitting at an angle lower than γ.
(γ) the incident light will be totally reflected (Figure 2.12). The reflected light thus increases
the amount of light the film receives. In addition, when exposed to natural environmental
conditions, polymers are subjected to rainfall. In this case rainfall might be eroding the polymer
film, washing away the embrittled surface layer and so exposing new material to direct sunlight
[Maxwell et al., 2005]. In addition, fatigue can result from dry/wet cyclic conditions, leading
to further chemical and/or mechanical stress and accelerated degradation on primary oxidised
PE [Nechifor, 2016].
With respect to water driven degradation from a chemical perspective, most studies have
focussed on the effect of water at high temperature [Henry et al., 1992, Kriston et al., 2008], or
chlorinated water due to the use of polyethylene pipes to convey potable water [Dear and Mason,
2006, Kriston et al., 2008, Colin et al., 2009, Devilliers et al., 2011, Tang et al., 2013]. Those
studies have demonstrated that chlorine containing water significantly decreases the lifetime of
polyethylene water pipes. The stabiliser present in the polymer could also leach out in water,
leading to a faster degradation, especially in the case of low molecular weight antioxidants
[Hawkins et al., 1960]. Henry et al. [1992] studied the thermal oxidation at 75–92°C of low-
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density polyethylene (LDPE). They found that LDPE degradation was accelerated in most
aqueous environments compared to air. On the other hand, an acidic buffer retarded oxidation,
while water, solutions of sodium salts, and a basic buffer accelerated the oxidation.
Massey et al. [2007] in turn showed that the hydrolytic degradation of LDPE did not result
in scission of macromolecular chains, since there were no O=C–O groups formed during their
ageing experiments, while these groups are formed during polypropylene hydrolysis [Massey
et al., 2004]. The main oxidation products were RC-–O and R-C=O groups. By contrast,
Kriston et al. [2008] found that the formation of oxygen containing groups (carbonyl and
hydroperoxide groups) were driving the reaction. At high oxygen contents, chain scission was
favoured along with an increase in methyl content.
In a recent study, James et al. [2013], demonstrated that atmospheric humidity plays a
role in the photo-catalysed degradation of PE. They measured CO2 evolution during ageing
and found that increased humidity induced an increase in the CO2 evolution rate during the
photo-oxidation of PE, which was also observed in an earlier study lead by Jin et al. [2006].
They attributed the effect of humidity on PE photo-oxidation was attributed to an increase in
OH radical production, alongside a probable faster breakdown of esters to CO2 in the presence
of water.
Although PE is hydrophobic, it can absorb water during polymer oxidation since the accu-
mulation of oxidation products creates a more hydrophilic matrix [Perthue et al., 2016, Nechifor,
2016]. This water uptake is accelerated under elevated temperatures. The absorption of water
induces volume changes resulting in mechanical stress. Under natural ageing conditioning this
exposure to water or a humid environment can generate more damage due to cycling between
wet/dry environments. This would in turn lead to a cycle of expansion and contraction as-
sociated to mechanical stress. Thus emphasising the challenge to dissociate the physical and
chemical effects of water on polymer degradation.
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2.4.6 Mechanical stress
During their lifetime, most polymers are subjected to light and in some applications to a form
of temporary or permanent stress. Applied external stress is not the only source of stress on a
polymer sample; internal and residual stresses can also have an impact on polymer performance
[White, 1984, Tyler, 2004]. In the literature, the effect of stress on the photo-degradation of
polymer is contradictory: some studies claim it does increase the degradation rate, while others
state it is retarding [Popov et al., 1984, Tyler, 2004].
Mechanical stress such as tensile and shear stress can speed up the rate of photo-degradation
of polyolefins [Popov et al., 1984, Horrocks et al., 1994, Busfield and Taba, 1996, Tyler, 2004,
Chen and Tyler, 2004, Daglen and Tyler, 2010, Ammala et al., 2011, Daglen and Tyler, 2012,
Li et al., 2015]. This is in part due to the fact that the degradation mechanisms are morphology
dependent and stress can cause changes in the polymer morphology [Ammala et al., 2011]. By
contrast, it has been demonstrated that compressive stress generally slows down the photo-
degradation rate [Popov et al., 1982, Baumhardt-Neto and Paoli, 1993, Tong and White, 1996,
Chen and Tyler, 2004, Chen et al., 2004].
Four theories have been proposed to explain the relationship between stress and the photo-
degradation rate. The first, proposed by Plotnikov [1988], is that stress increases the quantum
yields of the reactions that leads to bond photolysis [Chen and Tyler, 2004, Tyler, 2004]. The
second is related to radical recombination, often named as “decreased radical recombination”,
where at low to moderate stress, radical-radical recombination of bonds is less efficient, which
leads to a increase in the degradation rate [Benachour and Rogers, 1980, Nguyen and Rogers,
1985, Busfield and Taba, 1996, Tyler, 2004]. However, with increasing stress, segments of chains
might align, leading to an increase in orientation and thus an increase in crystallinity hence
there is a decrease in the degradation rate due to a decrease in free radical mobility. Under
these conditions, the degradation rate is further reduced due to limiting diffusion of oxygen
and reagents. The third theory relates to the rate of radical formation, whereby stress changes
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the polymer morphology, thereby affecting the ability of radicals to form as well as diffuse
apart. In this case, the effect of stress on the radical formation is complex. The C-C bonds
conformations will be modified under stress, and thus depending on the system either a rate
decrease or a rate increase can occur Tyler [2004]. These three hypotheses predict that stress
will initially increase the degradation rate. Only the second one, which assumes decreased
radical recombination rate, indicates that further increases in stress will ultimately cause a
decrease in the photo-oxidation rate [Chen et al., 2004]. In the final theory, it is suggested that
the thermal activation energy might be modified by an applied stress. This theory relies on
observation by Zhurkov et al. [1972]. They found that a simple modification of the empirical
Arrhenius equation is caused by the addition of stress. Zhurkov’s equation (2.15) describes an
exponential dependence of the rate of thermal degradation upon stress as followed:
k = Ae−
−(∆G−Bσ)
RT (2.15)
where k is the rate of degradation;
∆G is an “apparent” activation energy;
σ is the stress; and
A and B are constants.
While for photo-degradation reactions Equation 2.15 would apply as follows:
Φobs = Ae
−−(∆G−Bσ)
RT (2.16)
where Φobs is the quantum yield, in which the light intensity is expressed [Zhurkov et al., 1972,
White, 1994, Tyler, 2004].
To date, little is known about the relative importance of the different types of stresses on the
photo-degradation rate of polymers. Due to the complexity of the photo-degradation reactions,
which involve multiples steps (including side reactions, free radical formation, cross linking and
so on), the fundamental questions as to how and why stress affects the rate of polymer photo
degradation are still unclear.
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2.4.7 Environment Stress Cracking
Degradation can also be accelerated by environmental stress cracking (ESC). This has been
rarely reported in the literature in comparison with the photo- and thermal- induced degrada-
tion [Ammala et al., 2011]. ESC may be observed when a polymer is under mechanical stress
well below the yield point [Borisova and Kressler, 2003, Robeson, 2013], while being in con-
tact with a swelling, but non-reactive solution. The stress cracking agents do not cause any
chemical degradation of the polymer but they rather accelerate the formation of macroscopic
brittle-cracks that can easily propagate [Deanin and Hauser, 1981, Borisova and Kressler, 2003,
Saharudin et al., 2016]. This environmental stress cracking can occur in the absence of apparent
chain scission or chemical changes to the polymer. In the case of semi-crystalline polymer such
as PE, they exhibit a brittle type fracture, when exposed to ESC.
Brown et al. [Brown, 1978, Brown and Ward, 1983, Huang and Brown, 1988, Bandyopad-
hyay and Brown, 1978, 1981] studied the ESC behaviour of different polyethylenes (HDPE,
LDPE), and showed that stress-induced swelling as well as plasticization of amorphous re-
gions occured. For PE, the most prominent cracking agents were detergents with ethoxylated
nonylphenol (Igepal Co630), which is linked to their solubility parameters, which are closed to
that of PE.
The stress cracking agent facilitates the pull out of tie molecules and disentaglement of
the lamellae by lowering the phase interconnectivity [Borisova and Kressler, 2003, Borisova,
2004]. Tie molecules play a major role, as they join together the different crystalline regions,
distributing the stresses along the material [Garcia et al., 2011]. Hence, the molecular properties
and structure of PE such as the number of tie molecules, the number of short chain branching
and the comonomer type, all influence its resistance to ESC [Brown and Ward, 1983, Huang
and Brown, 1988, Yeh et al., 1994, Borisova and Kressler, 2003, Sardashti et al., 2014]. With
increasing crystallinity and lamella thickness, the ESC resistance is enhanced [Sardashti et al.,
2014].
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Identifying environmental factors responsible for polymer degradation is important to ac-
count for physical effects such as ESC which could otherwise mask the underlying oxidative
processes [Pethrick, 2000].
2.5 Polyethylene ageing methods
2.5.1 Accelerated ageing
In order to predict the lifetime of a polymer, laboratory weathering devices are used. The fun-
damental parameters usually considered during accelerated laboratory ageing of PE to model
environmental degradation are the solar radiation dose, air temperature and the relative hu-
midity (RH). Several studies using different types of polyolefin have shown that the rate of
oxidation increases with increasing relative humidity or increasing air temperature [Kockott,
1989, Gijsman and Sampers, 1998, Sampers, 2002, Jin et al., 2006, James et al., 2013]. Some
assumptions and extrapolations need to be made in order to translate from accelerated age-
ing results back to in-use applications. For example, it has been assumed that UV dose to
embrittlement is predictive of the lifetime of oxo-degradable polymers at a given temperature
in field conditions, regardless of the intensity. Such accelerated devices (as described below)
also facilitate the isolation of key ageing parameters from other potentially significant ageing
effects (e.g. temperature can be controlled while UV dose, intensity and or spectral distribution
are varied). However, while such convenient methods accelerate the process, in practice the
obtained results are not necessarily directly translatable to in-field performance [Gillen et al.,
2000, Martin et al., 2003, Celina et al., 2005, Gillen et al., 2005, Celina, 2013, George et al.,
August 10-14, 2014, Nechifor, 2016].
UV exposure
Laboratory accelerated weathering device allow the accelerated UV degradation of materials
under a controlled environment. Most weatherometers are equipped with Xenon-arc and UV-
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fluorescent lamps. The most important aspect of accelerated weathering is matching the spec-
tral distribution of the lamp as closely as possible to natural light. Xenon-arc weatherometers
have an irradiance spectrum close to natural daylight. UV lamps, unlike xenon-arc, only emit
light in the UV region (<400 nm). There are several standard test methods for assessing the
stability of polymers under different photo-degrading conditions. One of the most commonly
used, and the one used in this study, is ISO 4892-2:2006, which is suitable for exposing spec-
imens to xenon-arc light under controlled conditions (temperature, humidity and/or wetting)
to reproduce the weathering effects under outdoor exposure.
Temperature induced degradation
The rate of thermal oxidation is slow (taking months to years) at ambient temperature. There-
fore to simulate the thermal degradation, accelerated ageing at elevated temperatures in an air
oven is often performed. An estimation of lifetime at lower temperatures can be made based
on the Arrhenius equation (Equation 2.14). This accelerated degradation can be undertaken
under a range of different humidities and temperatures, and offers some control over other
parameters. There are several standard test methodologies available.
In the scope of this study, a Q-Sun accelerated ageing device from Q-Lab was used, whereby
light exposure as well as temperature and humidity were controlled within the chamber. The
Q-Sun is equipped with a Xenon arc light, with the device chamber reproducing the damage
caused by full-spectrum sunlight [Q-Lab, 2017]. It can simulate day and night cycles.
2.5.2 Natural ageing
Natural weathering is the most accurate way to assess the degradability of polymers in use. It
represents the real degradation rate the end users will experience in the field, at least at that
particular site and time of the year, where a ranking of different materials can be translated
across sites. The main disadvantage of outdoor weathering tests is the time it takes, since
natural weathering exposure is a slower process of degradation than accelerated laboratory
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ageing, and is the result of a combination of factors than can have cumulative effects on PE
degradation. This makes it difficult to control variables and eliminate parameters influencing
degradation. During the outdoor weathering of PE crop propagation films, the rate of degra-
dation depends on several factors such as (but not limited to) the type and concentration of
pro-degradant, UV exposure, temperature, humidity conditions, geographical location, season,
soil type, pesticides and herbicides, and other external environmental factors. These factors
may interact in synergy [Corti et al., 2010].
In a study completed by Sampers [2002] it was shown that polymer lifetime estimated from
accelerated laboratory ageing are much longer than those actually measured during natural
weathering of PE, even when considering the combination of these fundamental parameters.
This discrepancy is attributed to the different weathering parameters that are not taken into
account during laboratory ageing. One of the parameters often excluded in ageing of greenhouse
films is the influence of soil. When exposed to sunlight, soil undergoes photo degradation that
can lead to chemical changes in its properties [Schmitt-Kopplin et al., 1998, Mayer et al., 2012].
Soil properties
Soil consists of a complex variety of materials, some of which come from the actions of weather
on rock, and some from living sources. A typical soil is approximately composed in volume
of 45% mineral, 25% water, 25% air, and 5% organic matter [Liu et al., 2010]. Although the
organic matter (OM) represents the smallest portion in the soil, it is believed to be its most
active component [Pettit, 2004]. The major constituent of organic matter is the humus, which
comprises about 65 to 75 % weight [Pettit, 2004]. The humus itself is composed of humic
substances (HSs) that can be divided into three groups (Figure 2.13): humic acids (HAs),
fulvic acids (FAs) and humin [Sutton and Sposito, 2005, Stevenson, 1995].
HAs comprise the fraction that precipitates from aqueous solution at pH<2, while the FAs
represent the fraction that is soluble in water at any pH. Finally the humin is the portion of
humic substances that are not soluble in water at any pH. The humic substances differ as well
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Figure 2.13: Humic substances description.
Figure 2.14: Example of a typical fulvic acids structure.
in their molecular weight. Humins have the highest molecular weight, which can vary from
100,000 to 10,000,000 Da. This group is also the most resistant to decomposition (with very
slow breakdown). HAs contain functional groups such as phenolics and carboxylic acids, which
contribute to surface charge exchange and reactivity. The molecular weight ranges from 10,000
to 100,000 Da, and they are considered to be linear flexible polymers. Lastly the FAs are
smaller than the other substances, with a molecular weight ranging from 1,000 to 10, 000 Da.
HAs, FAs and humin have many carboxyl and hydroxyl groups (Figures 2.14, 2.15) that
can readily react [Swift, 1989, Pettit, 2004, Gondar et al., 2005, Liu et al., 2010]. The num-
ber of carboxyl group in FAs typically ranges from 520 to 1120 cmol(H+)/kg. HAs and FAs
are heterogeneous, relatively large organic complexes. They have many functions in the soil,
giving the soil structure, porosity, water holding capacity, and cation and anion exchange ca-
pacities. When exposed to sunlight, the absorption of photons can generally break chemical
bonds in these acids and leads to chemical degradation. Studies have demonstrated that chem-
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Figure 2.15: Example of a typical humic acids structure.
icals such as Irgarol 1051, fenuron, 2,4,6-trimethylphenol and azo-dyes undergo photochemical
degradation reactions when they are exposed to simulated or natural solar light in the pres-
ence of organic matter. Hydroxyl radicals have been shown to contribute to the photoreactions
mediated by humic-like substances from compost [Amine-Khodja et al., 2006].
Site variation
Over many years of trials carried out within the CRC-P, it was found that the film degradation
was not necessarily dependant on the solar dose or the temperature to which the film was
exposed. A site dependant factor was identified and this site parameter was apparently linked
to the soil properties [Gauthier et al., 2015]. A limited number of studies have investigated the
ageing of PE buried in soil or compost [Hakkarainen and Albertsson, 2004, Feuilloley et al.,
2005]. Those studies showed that PE with pro-oxidant additives is not readily biodegradable
according to the standardised biodegradation tests, but can fragment due to heat and sun under
natural ageing. However the literature on the influence of soil has predominantly focussed on
the rate of biodegradation of agricultural films based on biodegradable polymers [Fernando
et al., 2002, Mostafa et al., 2010, Rudnik, 2011], rather than on oxo-degradable polyethylene
films, as they are not readily biodegradable.
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2.5.3 PE Lifetime prediction
One of the key concerns in polymer degradation is to be able to predict the polymer lifetime in
a specific environment. This requires the measurement of the kinetics of the physical, chemical
and/or biological reactions that result in extensive degradation that is sufficient to end the
polymer’s useful life.
Lifetime predictions are usually obtained from extrapolation of accelerated ageing measure-
ments [Verdu et al., 2007]. As demonstrated earlier, in a typical lifetime prediction routine, an
activation energy is calculated from the degradation kinetics by utilizing an Arrhenius relation-
ship for the temperature dependence. For the photo-oxidation rate a reciprocal relationship
between the photo reaction rate and the light intensity has to be coupled with the Arrhenius
Equation [Verdu et al., 2007].
Under natural ageing, as discussed in Section 2.4, the polymer can also endure different
types of stresses such as mechanical stress, environmental stress cracking, etc. Those effects
have to be taken into account in the oxidative process.
The initial polymer properties (crystallinity, chain length, forces between the chains, etc.)
are interdependent. Indeed, variation in one property produces changes to the other proper-
ties, during ageing, such that polymers undergo chemical and physical changes simultaneously.
Simplifying hypotheses are necessary to obtain a relationship linking the rates of the elemen-
tary free radical reactions to the loss of mechanical properties, but these may not relate to the
complexity of real world applications. Some limitations appear in the extrapolations as they
do not take into account the non-linearity of the relationship between photo-ageing rate and
light intensity, the non-Arrhenian character of the temperature dependence, and the role of
rain, day-night and seasonal cycles, as well as envirnmental chemicals. To date, there has not
been a simple method to rigorously establish the relationship between natural and accelerated
ageing lifetimes.
40 Literature review
Heterogeneity
Polyolefins display heterogeneous oxidative degradation due to their semi crystalline structure,
where the crystalline region is less susceptible to oxidation than the amorphous phase. As
oxidative degradation occurs only in the amorphous regions, the process leads to an heteroge-
neous degradation of the polymer at the macro-scale (where oxygen is able to penetrate). This
has been well documented for polypropylene, where a non-uniform oxidation takes place in the
amorphous regions [Scheirs et al., 1991, Celina et al., 1993, Celina and George, 1993, George
et al., 1997].
In the case of solid polymers, oxidation has been proposed to proceed heterogeneously by an
infectious spreading of oxidized zones [Celina et al., 1993, Celina and George, 1993, 1995, Goss
et al., 2001a,b]. Heterogeneous degradation would result in local regions of highly degraded
polymer mixed in with unaged regions of polymer. This heterogeneous degradation profile
influences the process by which PE films reach embrittlement [Hsu, 2012]. A stochastic model
for infectious spreading in the amorphous region has been developed by Goss et al. [2001a].
It allows the prediction of oxidation time profiles, while tracking the spatial development of
oxidation fronts. In this model, the spreading of degradation from photo- or thermal initiation
sites is assigned to the probability of passing the oxidative infection to an adjacent site or to
termination at that site, as presented in scheme (Figure 2.16).
The model identifies the four nearest neighbours around the original infectious site, as
shown in Figure 2.16(a). If the infection spreads to all four of the neighbours a total of five
sites have become infected (Figure 2.16(b)). Upon another iteration the infection can spread to
another seven nearest neighbours (Figure 2.16(c)). Further iteration (Figure 2.16(d)) shows the
progressive spreading of the infection, with the number of iterations defining the exposure time.
When the different degraded sites percolate together, a crack is formed. At this stage, some
regions of the polymer remain unoxidised within the highly oxidised domain. The development
of spatial damage distribution needs to be taken into consideration when comparing surface
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Figure 2.16: Infectious spreading around one point with a unity probability of spreading (a) one (b) two
(c) three (d) four iterations, [Goss et al., 2001a].
versus bulk degradation.
Nevertheless, it is still difficult to address a relationship between accelerated ageing and
ambient conditions [Celina, 2013], as several external factors can have an impact. This could
be due to the limited oxidation diffusion, where spatial distribution of oxidative chemistry
between accelerated ageing and ambient conditions differ, resulting in a big challenge in polymer
predictive ageing. Kinetic models that including more heterogeneous oxidation pathways, with
the incorporation of non-linear Arrhenius behaviour and morphological contributions to the
oxidative damage, should be considered [Celina, 2013].
2.6 Polymer degradation characterisation
Many techniques have been developed to characterise the changes in physical, chemical, molec-
ular, morphological, structural and surface properties of polymeric materials upon ageing.
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2.6.1 Mechanical properties
Mechanical or engineering properties of polymers are typically characterised by the following
techniques: tensile, dart, Charpy impact, and tear testing. The technique most used is tensile
testing, as several mechanical properties can be determined at the same time (including elon-
gation at break, elastic modulus, yield strength and tensile strength, giving overall toughness).
Film embrittlement is one of the key signs of physical degradation. The straightforward way
to measure failure of the polymer is to measure the elongation at break. The embrittlement
point is defined as the loss of a pre-determined fraction of its original elongation at break. In
the literature this value differs from 50% to 95%. Scott and Gilead [1995], Wiles and Scott
[2006] defined the embrittlement point as the exposure time for the polyethylene to lose 95%
of its original elongation at break while in other studies a loss of 50% of the original elongation
at break has been used [Naddeo et al., 2001, Fayolle et al., 2007]. For Fayolle et al. [2007]
the embrittlement point is reached once the polymer property has transitioned from ductile to
brittle. At this stage, Fayolle et al. [2008] found that the interlamellar thickness was between
60 to 70 A˚.
In this study the embrittlement point was defined as the ageing time elapsed until the film
fractured multi directionally when a small stress was manually applied normal to the film plane.
At the embrittlement point, the film was too delicate to handle.
2.6.2 Physical properties
Crystallinity
During PE degradation, both chain scission and cross linking can occur, leading to a change
in the crystallinity of the overall material. These indications of degradation can be determined
by measuring the degree of crystallinity, tie molecule concentration, lamellar size and spacing.
The amorphous region of the polymer is the most vulnerable phase to degradation, compared
to the packed crystalline region where oxygen diffusion is limited. A common technique to
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measure the degree of crystallinity in polymers is differential scanning calorimetry (DSC), which
measures the enthalpy of fusion, with crystallinity assessed by normalising it to the enthalpy
of fusion of 100% crystalline polyethylene as described in Equation 2.17.
Xc(%) =
∆Hf
∆H?f
(2.17)
where ∆Hf is the fusion enthalpy of the polyethylene sample, and ∆H
?
f is the fusion enthalpy
of 100% crystalline polyethylene (286 J/g) [Wunderlich and Cormier, 1967].
Due to the changes in crystallinity, some changes in melting and crystallisation temperatures
will also occur.
Alternatively, crystallinity can also be measured using wide angle X-Ray scattering (WAXS).
The degree of crystallinity is determined by the ratio of the integrated intensity under the
crystalline peaks to the integrated intensity under the complete X-ray diffraction trace. It
was found that the value measured by DSC might be higher than those calculated by WAXS
[Guadagno et al., 2001, Hsu et al., 2017].
Tie molecules also play a major role in polymer properties, as they link the amorphous and
crystalline regions. Unfortunately, there is no method readily available for quantitative assess-
ment of the presence or extent of tie molecules; they can only be estimated. Such assessments
are made using indirect methods, such as deformation and chlorination [Lustiger and Ishikawa,
1991], or testing of the brittle fracture properties and concentration of free radicals following
breakage of tie molecules [Janimak and Stevens, 2001], or by thermal fractionation [Hadad et al.,
2005, Gauthier et al., 2013]. Thermal fractionation of polymers has been traditionally used to
characterise the short chain branching (SCB) distribution of PE, offering an inexpensive and
practical way to evaluate chain microstructure distributions with a conventional DSC [Muller
and Arnal, 2005]. This technique is based on fractionation of polymer segments according to
their methylene sequence length (MSL). A controlled cooling regime is applied to the polymer
sample, leading to a molecular segregation of chain segments based on their crystallisation
temperature (Tc). Segments with high MSL form into crystallites of greater lamellae thickness,
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and consequently will have a greater melting temperature (Tm) than those of lower MSL. Chain
scission at tertiary carbon atoms located at the origin of long branches may create longer crys-
tallisable MSLs [Perez et al., 2012]. This process has been shown to increase the population
of thicker lamellae. Therefore, information on chain scission at tertiary carbon atoms can be
defined [Perez and Carella, 2007, Perez et al., 2012, 2013]. Thermal fractionation is commonly
performed by one of two temperature-time regimes. Step crystallisation (SC) involves subject-
ing the sample to a series of long isothermal times at decreasing temperature to sequentially
crystallize polymer segments of different MSLs [Starck, 1996]. The successive self-nucleation
and annealing (SSA) technique is based on the sequential application of heating and cooling
steps to self-nucleate and anneal the sample. Muller et al. [1997] first reported the SSA method
in 1997 and showed that it was capable of producing data of superior resolution in shorter time
than the SC method.
Additional information on the crystal properties such as lamellar thickness, interlamellar
spacing and long spacing can be characterised using small angle X-Ray scattering (SAXS),
wide angle X-Ray scattering (WAXS) and transmission electron microscopy. SAXS can give
information in the interfacial region between the crystalline phase and the amorphous phase,
where the degradation is occurring [Hsu et al., 2012, 2017]. Over UV ageing the width of the
amorphous-lamellar interface decreases following the linear correlation function established by
Vonk and Kortleve [1967] [Goderis et al., 1999, Hsu et al., 2012], suggesting that in turn loop
or tie molecules could be scissioned leading to their fragment being incorporated either into the
crystalline or amorphous region [Hsu et al., 2012, 2017].
Morphological properties
Morphological changes upon degradation are usually investigated by optical or scanning electron
microscopy (SEM). Before embrittlement, the surface of the film may show signs of micro-cracks.
Films usually present a smooth surface before ageing and develop cracks and grooves over time
[Roy et al., 2007b].
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2.6.3 Chemical properties
Molecular properties
Another way to characterise degradation is to measure molecular weight loss of the polymer to
determine the percentage of degradation as well as the decrease in average molecular weight,
Mn, following chain scission. This is commonly measured using size-exclusion chromatography
(SEC) or gel permeation chromatography (GPC). Determination of Mn requires dissolution of
the polymer in a solvent. This technique gives an indirect measure as it is necessary to dissolve
the polymer prior to analysis.
Fayolle et al. [2007] defined a critical molecular weight corresponding to the transition
from ductile to brittle polymer during oxidative degradation. This value was found to be set
between 50-100 kg/mol for a thermally degraded PE sample. In the case of a photo-degraded
PE, the value would be higher due to the competition between chain scission and cross-linking
of oxidised polymer chains. The degree of cross-linking is commonly measured by gel content.
When cross-linking occurs, the polymer is rendered insoluble and a gel fraction is obtained.
The molecular weight distribution gives more information than the average molecular weight.
Chain scission is characterised by a large shift to lower molecular weight, while the presence of
a high molecular weight tail would indicate significant cross-linking [Craig et al., 2005].
A cyclic competition between chain scission and cross-linking, which was observed by os-
cillating changes in gel content during oxidation, has been reported by Hsu et al. [2012] and
Rolon-Garrido et al. [2015]. In the presence of oxygen and UV, the dominant photo-degradation
reaction is chain scission reaction, compared to cross-linking [Peacock, 2000, Hsu, 2012].
Degradation products
The formation of functional groups on the polymer surface during degradation can be moni-
tored using fourier transform infrared - attenuated total reflectance spectroscopy (FTIR-ATR).
During polymer oxidation, the formation of oxidative intermediates and oxidation products
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Table 2.1: Absorbance bands reported in FTIR-ATR spectra for oxidation products of PE.
Oxidised species Wavelength range (cm−1)
C-H stretching 722, 1420–1480, 2020
C=O 1710-1716
Carboxilic Acids 1700-1740
Ketones 1713-1723
Aldehydes 1733-1740
Esters 1160, 1180-1169, 1675, 1740, 1878
Lactones 1780-1786
Vinyl groups 800-970, 1640
Vinyl 909
Vinylidene 887-888
Vinylene 964, 965
Hydroxyl group 3050-3800
Hydroperoxides/peroxide 3420,3550
Methyl end group 1378
ensues, such as polymer hydroperoxide (POOH) as well as carbonyl groups. The main reactive
hydro-peroxide intermediate will then decompose, leading to the chain scission reaction of PE
as described in Section 2.3.1.
FTIR spectroscopy is routinely used to identify the photo-oxidised products as listed in
Table 2.1. This technique is non destructive and easy to apply compared to other techniques.
The development of carbonyl groups (i.e: alcohols, aldehydes, ketones) in the wavelength
between 1700 and 1800 cm−1 has been well reported in the literature [Geetha et al., 1987,
Naddeo et al., 2001, Guadagno et al., 2001, Corrales et al., 2002, Roy et al., 2006a, Chabira
et al., 2008, Gardette et al., 2013, Benitez et al., 2013, Babaghayou et al., 2016].
The degree of degradation is expressed in terms of carbonyl index (CI). CI is defined as the
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ratio of the absorbance of a carbonyl compound over a reference peak for C-H absorbance as
described in Equation 2.18.
CI =
Absorption of carbonyl species 1650−1800cm−1
Absorption of C −H peak 1420−1480cm−1 (2.18)
Carbonyl index (CI) is probably the most commonly used indicator to measure the chemical
oxidation of polymer Albertsson et al. [1992], Gardette et al. [2013]. Nevertheless no standard
method has been developed in order to measure it, hence a comparison between studies is
difficult, as different reference bands for C-H absorbance have been chosen (Table 2.1) , as well
as different values for the carbonyl peaks values (1710 cm−1 Mellor et al. [1973], 1715 cm−1
Scoponi et al. [2000]). In our study, the CI is the ratio of the Absorption of carbonyl species
peak at 1712 cm−1 and the Absorption of the reference peak at 1463 cm−1.
In parallel, the formation of vinyl groups (vinyl, vinylidene, trans-vinylene) in the region
between 850 and 980 cm−1 has also been reported [Albertsson et al., 1992, Guadagno et al.,
2001, Celina, 2013, Gardette et al., 2013, Yagoubi et al., 2015]. These functional groups increase
with the formation of carbonyls. They are characteristic of photo degradation via the Norris
type II reaction, and are not seen in thermal degradation [Costa et al., 1997, Gardette et al.,
2013]. A Vinyl Index (VI) is defined as the ratio of the absorbance of a vinyl compounds over
a reference peak for C-H absorbance as described in Equation 2.19
V I =
Absorption of vinyl species 850−980cm−1
Absorption of C −H peak 1420−1480cm−1 (2.19)
However, in the earlier stages of oxidation, only the intermediate, hydroperoxides are formed,
which are difficult to detect using FTIR. Chemiluminescence (CL) is a suitable technique to
determine the amount of hydroperoxides accumulated in a pre-oxidised polymer [Jacobson et al.,
2004, Albertsson et al., 1992]. The hydroperoxide breaks down to create a luminescence that is
detectable. The intensity of the luminescence is related to the concentration of hydroperoxide
formed [Scott and Gilead, 1995, Goss et al., 2001b]
Another limitation of FTIR is that several chemical species involve the presence of a car-
bonyl group, which contributes to a broad band around 1715 cm−1 accompanied by shoulders
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that are difficult to analyse separately. Some strategies have been adopted to overcome this
problem, through the use of several chemical treatments [Adams, 1970, Gugumus, 2000, Sal-
valaggio et al., 2006]. These procedures aim to transform selectively the specific oxidized groups
into new species characterized by distinctive absorption bands, making them more easily de-
tectable. However, these techniques are often time consuming, diffusion controlled and modify
the samples after chemical treatment. Some researchers have developed other methods such as
curve-fitting to allow the deconvolution of peaks in order to identify and quantify the different
components [Salvalaggio et al., 2006, Yang et al., 2010, Gardette et al., 2013, Yagoubi et al.,
2015]. Another alternative is the use of solid-state nuclear magnetic resonance (SS NMR), as
these oxidative species have distinct peaks which makes them easier to differentiate.
2.7 Summary
The use of oxo-degradable PE films for crop propagation applications has several advantages
over non-degradable PE, since it reduces the waste in the field and decreases the amount of
labour required, but still offers all the benefit of a mini-greenhouse. The key is to be able to
control the degradation rate of the film to best suit a specific crop.
As shown in this review, the use of accelerating ageing data has some limitations with
respect to predicting the lifetime of polymers in the natural environment, as it is complex
to establish an accurate relationship due to the range of different and potentially interacting
factors controlling this degradation rate. Heterogeneity in oxidation is one such factor, as
in semi-crystalline polymers at the macro-scale the oxidative degradation occurs only in the
amorphous regions.
The review of the literature has shown that both existing models and the current level
of fundamental understanding of degradation mechanisms and interactions, particularly in a
natural environment, are not sufficiently advanced as to be able to achieve a single unified theory
to model PE film lifetime in the environment. Overall, therefore, one of the major problems in
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the use of oxo-degradable films is the ability to forecast the rate of degradation under a range of
environmental conditions in order to be able to have a predictable and consistent embrittlement
time for the film. This is not an easy task, since the degradation process is influenced by
numerous variables.The degradation events of polymers in the environment involve changes
in the mechanical, physical and chemical properties of the PE based films. Those events can
occur simultaneously. This is also linked to the difficulty in comparing natural weathering
versus accelerated weathering, which is inherent to the variability and complexity of outdoor
exposure situations.
Therefore the current project proposes:
 to establish whether a relationship between soil properties (physical and chemical struc-
tures) and the degradation rate of oxo-degradable polyethylene thin films exists and if so,
 to develop a more detailed understanding of the underlying mechanism of this process.

CHAPTER 3
Field trials
3.1 Introduction
The service lifetime of polymer films is controlled by the chemical reactions leading to chain
scission and mediating environmental factors. The rate of PE film degradation depends on
several factors such as, but not limited to, the type and concentration of pro-degradant, UV
exposure, temperature, rain, humidity conditions, geographical location [Kockott, 1989, Amin
et al., 1995, Sampers, 2002, Kaczmarek et al., 2005, Basfar and Ali, 2006, Briassoulis, 2007],
season [Gijsman and Sampers, 1998, Sampers, 2002, Briassoulis, 2007], pesticides and herbicides
[Espi et al., 2007, Yeh et al., 2015], and other external environmental factors [Kockott, 1989,
Sampers, 2002]. All these factors may interact in synergy or antagonistically [Corti et al., 2010],
which increases the difficulty in predicting polymer lifetime.
For applications such as agricultural cropping film, controlled degradation with a predictable
lifetime is required. A study conducted by Sampers [2002] showed that PE lifetime estimates
from accelerated laboratory ageing are much longer than those actually measured during out-
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door weathering trials. This was attributed to the different weathering parameters that are not
taken into account during laboratory ageing, such as rain and wind. While many studies have
investigated the ageing of PE buried in soil or compost [Hakkarainen and Albertsson, 2004,
Feuilloley et al., 2005, Fontanella et al., 2010, Rudnik, 2011, Nowak et al., 2011], research into
the effect of soil on polymer degradability has predominantly focused on the rate of biodegra-
dation of agricultural films based on biodegradable polymers [Fernando et al., 2002, Rudnik,
2011] rather than oxo-degradable PE films. More specifically, the impact of soil chemistry on
the above-ground degradation of linear low-density PE (LLDPE) films has not been conclu-
sively investigated and this study reports conditions under which the soil properties significantly
impact on the aboveground degradation of such films. A large number of field trials testing
the environmental degradation of a range of oxo-degradable thin films were coordinated across
Australia between 2006 and 2011. Preliminary statistical analysis of the data was undertaken
in an attempt to correlate film field performance with known factors such as solar radiation
dose (SRD), average air temperature (av air T), film age, masterbatch age and time to embrittle
in the accelerating UV chamber (Embrittlement time in laboratory), in order to identify the
effect of specific parameters on the film degradation rate in the field.
3.2 Preliminary statistical analysis
In order to capture the outcomes from a range of field trials for above-ground degradation of
PE film with and without pro-degradant, the embrittlement time was selected as the dependant
variable. Time to embrittlement can be expressed as a function of independent parameters (e.g.
temperature, age of the masterbatch, film type, site). The embrittlement time was chosen as
it was the only widely measurable and available data relating to the film performance. It was
expressed as the total solar radiation dose to reach embrittlement in MJ/m2. This set of data
contains some variation due to the different timing of the visits to the field (which could vary
between 2 to 30 days depending on the site). Weather data (solar radiation dose, temperature,
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Figure 3.1: Actual SRD as measured vs predicted SRD from Equation 3.1
rain fall) were collected either from weather stations on site or from the nearest Bureau of
Meteorology (BOM) station [Commonwealth, 2009-2014]. For the purpose of this preliminary
study, the sites were clustered by code in order to analyse the data using Minitab software. The
method used was a regression analysis correlating solar radiation dose (SRD) to embrittlement
against all other factors. The regression analysis ties the different factors together following
Equation 3.1. The R2 value was almost 80% (78.8%), which gave a reasonable validity to the
following regression Equation 3.1 using 6 individual factors:
SRD to embrittlement= - 666
- 1.9 Average outside air temperature
- 0.465 Embrittlement time in laboratory
+ 7.78 Age of masterbatch when blown
+ 607.3 Site
(3.1)
The equation drawn from the statistical analysis shows reasonable alignment with the expri-
mental results, as shown in Figure 3.1.
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Table 3.1: Regression output for solar radiation dose versus different factors.
Regression output Coefficient SE Coef p-value
Constant -666 380 0.087
Average outside air temperature -1.9 13.6 0.889
Embrittlement time in laboratory -0.465 0.320 0.153
Age of masterbatch when blown 7.78 4.22 0.072
Site 607.3 59.4 0.000
S R2 R2(adj) R2(pred)
377.37 78.77% 76.84 71.32%
SE Coef: is the standard error of the coefficient
Table 3.1 presents each parameter with its own attributed p-value. A factor which has a
p-value less than 0.05 is considered to be statistically significant at the 95% level. The standard
error (SE) gives an indication of the variance of each coefficient estimate. The coefficient of
determination, R2, is the percentage of variation of a variable response that is expressed by its
relationship with one or more predictor variables. Usually, the higher the R2, the better the
model fits the data.
Only one factor was found to be significant with a p-value <0.05 which was site. These
results underline the impact of site on the films degradation prediction. It is worth remembering
that this set of data is not precise, as the frequency of film monitoring could vary largely between
2 to 30 days, and there were some gaps in data, where the rainfall was not recorded on site.This
analysis also did not take into account the time of the year the film was laid. However this is
related to the average outside air temperature.
3.3 Site trials 55
Table 3.2: Pro-degradant concentration in the final film formulations.
Films Pro-degradants
TiO2 1wt% TiO2
CoSt 1.5 150 ppm Co(II)
CoSt 10 1000 ppm Co(II)
CoSt 12 1200 ppm Co(II)
FeSt 1000 ppm Fe (5% Ampacet)
FeSt/TiO2 1000 ppm Fe(II) + 1wt% TiO2
3.3 Site trials
The preliminary statistical analysis pointed out that site was a parameter influencing PE photo-
degradation. To assess this finding, series of site trials were conducted across four sites spread
across Australia, over 2 seasons: spring 2009, and autumn 2011. Six different film formulations
(Table 3.2) were naturally aged at each sites in order to monitor carefully the effect of environ-
mental parameters including soil type on the ageing of oxo-degradable PE film formulations.
All the films contained pro-degradant, in order to accelerate their degradation, compared to
a film without pro-degradant. The aim of these trials was to test the results from our previ-
ous statistical analysis and establish any relationship between the degradation time and the
site/soil.
3.3.1 Experimental Procedure
Materials and processing
The PE base matrix was a resin blend composed of LLDPE (93.5%, mix of 45% Dow Elite and
48.5% DOWLEX 2045G; Dow Plastics), LDPE (5%, H210; Qenos) and polyisobutylene (PIB)
(1.5%, Mw 2,000 g/mol; Daelim Corporation).
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Degussa P25 titanium (IV) dioxide was supplied by Evonik Australia Pty. Ltd. Prior to
processing it was necessary to coat the Degussa P25 with Sigmacote® to improve the com-
patibility with the PE matrix. Sigmacote® is an organosiloxane solution provided by Sigma
Aldrich, and was used as received. The mixing weight ratio between the P25 and Sigmacote®
was 3.0:2.4. The particles and Sigmacote® were stirred in hexane solution at room temper-
ature, to render the surface hydrophobic. The hexane was then removed by evaporation in a
fume cupboard overnight and then placed under vacuum. Mobil DTE heavy oil (0.5%) was
added during the extrusion of TiO2 formulations to assist with the binding of P25 to the resins.
The final film containing the P25 Sigmacote® was transparent, indicating good dispersion of
the TiO2 in the film.
Cobalt (II) stearate (CoSt) and iron (II) stearate (FeSt) were supplied by Alfa Aesar and
were used as the pro-degradant to increase the photo and thermal degradation. Both were
used as received. The Ampacet masterbatch was a commercial pro-degradant (predominantly
iron stearate, 2565 ppm as the metal ion Fe [Hsu, 2012]) designed by Ampacet, which can also
contain a low amount of stabilizer such as Irganox 1024 or 1076. Due to its commercial nature,
it is not possible to quantify the full composition.
Oxo-degradable films were commercially blown and stretched by Integrated Packaging Pty
Ltd (Melbourne, Australia). The average film thickness was 10 ± 1 µm being an average of 10
measurement, evaluated using a Teclock upright micrometer.
Natural ageing
Films were exposed to natural outdoor weathering conditions in Australia across various regions
at different latitudes and with different climates (Figure 3.2).
The first trial was conducted during the Australian mid-spring 2009, at the following three
sites (where OM = organic matter content of soil):
• OM 1.2%: Narrabri (30.31678S, 149.76678E) in a warm temperate grassland region of New
3.3 Site trials 57
Figure 3.2: Map of the site trials location across different climates within Australia (Map from Common-
wealth [2009-2014]).
South Wales,
• OM 4.4%: Pinjarra Hills (27.53338S; 152.90008E) in a subtropical region of Queensland,
• OM 8.4%: Forthside (41.23628S, 146.25008E) in a cool temperate region in Tasmania.
The second trial was set during the Australian mid-Autumn 2011, at the same three locations
used for the first trial, with the addition of a fourth site located at Thornlands (27.55008S,
153.26678E) in Queensland, only 20 km away from the subtropical site of Pinjarra Hills, but
with a different type of soil referred to OM 3.9%.
Strips of films, 4 m long and 1.2 m wide, were laid to mimic mini-greenhouse conditions,
with ∼20 cm of the 4 edges of the film buried under the soil to hold the film down. Due to the
size of the sample only one specimen per formulation was laid. Samples were monitored every
2 to 3 days for sites in Queensland, while at Forthside and Narrabri films were monitored only
every week or two.
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The soil from each site was subjected to extensive characterisation following the complete
soil balance analysis performed by a commercial laboratory, SWEP, in Victoria (Appendix A).
The key soil characteristics are presented in Table 3.3. Results from Table 3.3 indicate that
there are significant dissimilarities between the 4 types of soils. Some disparities are observable
with respect to the organic matter content.
Soil reflectance was measured using a UV-Vis-NIR Cary5000 Stheno spectrometer across
the visible wavelength spectral range from 400 to 800 nm. The soil reflectance was calculated as
the percentage of light reflection at the beginning of the visible spectrum at 400 nm as reported
for soil characterisation as well as at 320nm as this wavelength 300-340nm is most important
for UV-degradation of polyethylene. The reported values are the average of two measurements.
Embrittlement point
In this study the embrittlement point was defined as the ageing time elapsed until the film
fractured multidirectionally when a small stress was manually applied. This correspond to the
point at which the elongation at break is less than 5% of the elongation at break of the original
film, as stated by Wiles and Scott [2006]. At the embrittlement point, the film was too delicate
to handle and would break into small flakes. The reported values are for only one sample, with
an error of plus or minus 2 days to 2 weeks depending on the site.
Fourier Transform Infrared - Attenuated Total Reflectance (FTIR-ATR) Spec-
troscopy
FTIR-ATR spectroscopy was used to determine the degree of oxidation of polyethylene films.
The Carbonyl Index (CI) of films was used as an indicator of degree of oxidation (Equation 3.2).
Spectra were collected using a Nicolet 5700 Nexus FTIR spectrometer equipped with a Smart
Endurance single bounce diamond-window ATR, using OMNIC (Thermo-Nicolet, Madison,
WI) software. Spectra were collected in the spectral range 4000 to 525 cm−1, using 32 scans, 4
cm−1 resolution, a gain of 8, and a mirror velocity of 0.6329 cm/s. Prior to analysis, films were
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gently rinsed with deionised water and pat-dried to remove soil particles.
CI values were calculated as the ratio between the height of the carbonyl stretching band at
1712 cm−1 and the height of the CH2 scissor band at 1463 cm−1 in baseline corrected spectra
using Grams/32 software (Galactic Industries Corporation), as expressed in Equation 3.2. The
reported values are the average ± 1 standard deviation from a minimum of 3 to 5 spectra per
sample, taken randomly from each side of the film.
CI =
Absorption of carbonyl species 1712cm−1
Absorption of C −H peak 1463cm−1 (3.2)
Statistical analysis
The statistical analysis was built using 46 field trial data points from 4 field trials run between
2009 and 2011. Regression analysis was used to correlate outcome such as days to embrittlement
against other factors, using Minitab software. This method was used as the regression analysis
allows the inclusion of multiple predictor variables. This method also takes into account any
interactions between predictors.
3.3.2 Results and Discussion
Embrittlement point
TiO2 films Table 3.4 summarises the time for the TiO2 containing film to whiten, while
Table 3.5 presents the time for the film to reach embrittlement at each location.
Over the ageing period for the TiO2 containing films, the minimum daily temperatures over
OM 4.4% and OM 3.9% were similar (oscillating by 10), while it was colder over OM 1.2% and
OM 8.4% (Figure 3.3).Similar observations can be made for the maximum daily temperature,
which was the lowest over OM 8.4% (∼15), and the highest at the two subtropical sites
(between 20 to 25). The maximum daily temperature over OM 1.2% was slightly lower than
over OM 4.4%.
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Table 3.4: Whitening above ground for TiO2 containing films at different locations during the 2011 trial.
OM content Site Date laid
Time to whiten
Time SRD Av. Dose rate
(days) (MJ/m2) (MJ/m2/day)
OM 1.2% Narrabri 20/06/11 14 191 13.6
OM 3.9% Thornlands 26/05/11 14 192 13.8
OM 4.4% Pinjarra 26/05/11 8 112 13.9
OM 8.4% Forthside 04/05/11 5 74 14.8
SRD: solar radiation dose.
The cumulative solar radiation dose had a similar profile for OM 1.2% and OM 4.4% (Fig-
ure 3.3) while for OM 8.4% it needed more time to reach a similar value, which is reflected by
a lower average dose rate of 9.7 MJ/m2/day. Nevertheless the TiO2 containing film whitened
the fastest over OM 8.4% (5 days) and the slowest over OM 1.2% (14 days), and OM 3.9% (14
days) even though the average dose rate was similar, varying between 13.6 and 14.8 MJ/m2/day
(Figure 3.4). Film whitening is due to the photo-degradation of polyethylene film induced by
nanoscale titanium dioxide, leading to hole formation from polymer degrading completely into
a gaseous form. These holes scatter the light, and hence the film whitens [Ohtani et al., 1992,
Cho and Choi, 2001, Zan et al., 2004]. This could potentially be related to a solar dose threshold
rather than an average dose rate. The micro holes are formed by the volatilisation of oxida-
tion products during photo-oxidation of polymer, leading to loss of material adjacent to the
TiO2 particles. The ability of titania containing films to become opaque offers the unexpected
advantage in this application as a mini green house to limit heat damage to the emerging plants.
The TiO2 containing film reached embrittlement at a similar solar radiation dose (around
330 MJ/m2) over OM 1.2%, OM 4.4% and OM 8.4%, which was reached within 3 to 4.5 weeks.
In contrast the film was very slow to break down over OM 3.9% (more than 7 weeks) requiring
more than twice the solar radiation dose (736 MJ/m2), even though the average temperature
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Figure 3.4: Solar radiation dose to embrittlement for the TiO2 film over different soils types at different
locations.
Table 3.5: Time to embrittlement above ground for TiO2 containing films at different locations during the
2011 trial.
OM content Site Date laid
Embrittlement
Time Carbonyl index SRD Av. Dose rate Rain Fall
(days) Av St Dev (MJ/m2) (MJ/m2/day) (mm)
OM 1.2% Narrabri 20/06/11 21 0.052 0.003 289 13.7 1
OM 3.9% Thornlands 26/05/11 53 0.057 0.009 736 13.9 52
OM 4.4% Pinjarra 26/05/11 32 0.054 0.013 371 11.6 0
OM 8.4% Forthside 04/05/11 33 0.071 0.012 319 9.7 45
and average daily dose were similar to the site located just 20 km away in Queensland, as
presented in Figure 3.3. From the initial results, the rainfall seems to have no influence,
considering the data from the Pinjarra site with no rain fall (0 mm) and Forthside (with 45 mm
rainfall): in both cases, the film reached embrittlement at a similar time (32 days, 33 days) and
SRD (371 MJ/m2 vs 319 MJ/m2). However, this is a factor that may require further analysis
given the influence of water on film degradation, as discussed in later chapters. The CI value
at embrittlement was higher over OM 8.4% compared to the 3 other soils, suggesting a higher
degree of oxidation when the embrittlement point was reached, or possibly to more volatilisation
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Table 3.6: Time to embrittlement above ground for CoSt containing films at different locations during the
2009 and 2011 trials.
Film code
Organic
Matter
Site Date laid
Embrittlement
Time Carbonyl index SRD Av. Dose rate Rain Fall
(days) Av St Dev (MJ/m2) (MJ/m2/day) (mm)
CoSt 1.5
OM 1.2% Narrabri 5/11/09 39 0.329 0.058 987 25.3 19
OM 4.4% Pinjarra 7/10/09 19 0.263 0.059 479 25.2 2
OM 8.4% Forthside 01/10/09 48 0.037 0.004 1004 20.9 72
CoSt 10
OM 1.2% Narrabri 5/11/09 15 0.538 0.031 360 24.0 16
OM 4.4% Pinjarra 7/10/09 12 0.210 0.029 298 24.8 2
OM 8.4% Forthside 01/10/09 48 0.185 0.022 1004 20.9 72
CoSt 12
OM 1.2% Narrabri 20/06/11 42 0.086 0.006 559 17.9 2
OM 3.9% Thorlands 26/05/11 80 0.082 0.004 1121 21.5 52
OM 4.4% Pinjarra 26/05/11 46 0.093 0.001 536 21.4 1
OM 8.4% Forthside 4/05/11 57 0.107 0.006 495 14.1 60
through conversion to gaseous products over the 3 other soils. Soil organic matter therefore
appears to be a contributor to the acceleration of film degradation. Another possibility is the
film might have reach embrittle a few days before the visit to this site, hence when collected
the film would have reach a higher extent of oxidation.
CoSt films For the CoSt containing films, it is not possible to compare the performances of
the three different concentrations since they were laid at different periods of the year (spring
2009 and autumn 2011; Figures 3.5 and 3.3). Only CoSt 1.5 and CoSt 10 can be benchmarked
against each other.
From the results presented in Table 3.6, it can be observed that the higher the cobalt
concentration, the faster the film reached embrittlement at each site, except over OM 8.4%.
This is probably due to the length between each monitoring of that specific site. Over OM
8.4%, the 2009 trial was only monitored every 2 weeks.
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This was also translated into the CI value, where the value of CoSt 10 (CI=0.185) was
higher than CoSt 1.5 (CI=0.037), suggesting a higher oxidation state (Table 3.6). CoSt 1.5
would take between 1.5 to 2.7 the time to degrade compared to CoSt 10. The embrittlement
time of CoSt containing films is not linearly correlated to the CoSt concentration in the film.
In the case of CoSt pro-degradant, the difference in solar radiation dose to reach embrit-
tlement is not directly correlated to the average outside air temperature. This was not an-
ticipated, since CoSt is a more thermally sensitive pro-degradant as reported in the literature
[Osawa et al., 1979, Roy et al., 2006a,b, 2007a, 2009]. Other external parameters have to be
taken into account in the natural ageing of such films.
The SRD for CoSt 12 film to reach embrittlement was slightly lower over OM 8.4% (495
MJ/m2) than over OM 4.4% (536 MJ/m2) or OM 1.2% (559 MJ/m2), but this difference was
not as significant as over OM 3.9%, where film needed more than twice the solar radiation dose
(1121 MJ/m2) to degrade. The CI value at embrittlement was also higher over OM 8.4% (0.107)
compared to the 3 other soils (CI < 0.1), suggesting a higher degree of oxidation when the film
reached embrittlement. Overall, the CoSt 12 film presented the same trends with respect to
the embrittlement point at each site as the TiO2 containing films.
FeSt films For the FeSt containing films, the solar radiation dose to reach embrittlement was
marginally higher over OM 8.4% (1004 MJ/m2) when compared with OM 1.2% (987 MJ/m2),
even though the maximum daily temperature for OM 8.4% was approximately 10 lower
(Figure 3.5) compared with OM 1.2% and OM 4.4% sites over the length of the trial. In
contrast, the film exposed over OM 4.4% required only half the SRD to reach embrittlement
(517 MJ/m2), compared with the other two sites. This was unexpected, as OM 4.4% and
OM 1.2% have similar daily maximum temperatures, as presented in Figure 3.5. These results
suggest that the embrittlement of FeSt films is independent of the daily maximum temperature
at these sites.
For the films containing both thermal and photo pro-degradant (FeSt/TiO2), the same trend
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Table 3.7: Time to embrittlement above ground for FeSt and FeSt/TiO2 containing films at different
locations during the 2009 and 2011 trials.
Film code OM content Site
Date laid
in the field
Embrittlement
Time Carbonyl index SRD Av. Dose rate Rain Fall
(days) Av St Dev (MJ/m2) (MJ/m2/day) (mm)
FeSt
OM 1.2% Narrabri 5/11/09 39 0.279 0.082 987 25.3 19
OM 4.4% Pinjarra 7/10/09 21 0.311 0.029 517 24.6 30
OM 8.4% Forthside 1/10/09 48 0.150 0.037 1004 20.9 72
FeSt/TiO2
OM 1.2% Narrabri 20/06/11 35 0.073 0.006 456 13.0 2
OM 3.9% Thorlands 26/05/11 45 0.066 0.002 629 14.0 32
OM 4.4% Pinjarra 26/05/11 41 0.091 0.002 462 11.3 1
OM 8.4% Forthside 4/05/11 47 0.060 0.006 431 9.2 32
with respect to the embrittlement point as for TiO2 and CoSt containing films was seen, where
a slower degradation rate was obtained when the film was aged over OM 3.9%, even though
this site is located only 20 km away from OM 4.4%, which was faster to degrade. In the case
of the combination of Fe/TiO2, this film was slower to degrade than TiO2 due to antagonism
between Fe and TiO2 in the redox chemistry, as was reported by Nikolic et al. [2012].
Overall these data indicate that amongst the pro-degradants tested, TiO2 was a more ef-
fective photo pro-degradant than CoSt, FeSt or the combination of both FeSt and TiO2 when
exposed to the sunlight, which is in agreement with previous findings [Ohtani et al., 1992, Fa
et al., 2010, Shawaphun et al., 2010]. TiO2 is more photo sensitive than CoSt and FeSt, which
are more thermally sensitive.
From the literature, it was expected that the dominating factors influencing the rate of
degradation of an oxo-degradable film would be the total solar radiation dose and the average
air temperature [Kockott, 1989, Amin et al., 1995, Sampers, 2002, Kaczmarek et al., 2005,
Basfar and Ali, 2006, Briassoulis, 2007]. However, the results presented in Tables 3.5, 3.6 and
3.7 surprisingly suggest that a location dependant factor, such as soil type, may be impacting
on the oxidation rate of PE film, as the embrittlement time is not solely related to weather
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Table 3.8: Regression output for total solar radiation versus different factors.
Regression All factors Excluding factors with p value > 0.05
output Coefficient SE Coef p-value Coefficient SE Coef p-value
Constant 575 301 0.069 498 184 0.012
Film type 19.4 21.4 0.374
Average air T 0.88 9.07 0.924 5.46 7.48 0.473
Total rainfall 12.6 3.19 0.001 11.18 1.97 0.000
Site -40.8 58.5 0.493
OM (%) -68.4 24.4 0.010 -60.1 20.4 0.007
Model fitting
R2 R2(adj) R2(pred) R2 R2(adj) R2(pred)
62.42% 53.88% 41.12% 59.65% 54.61 % 44.28%
conditions (air temperature, UV, rainfall). The field trial results suggest that the differences
in time to embrittlement between sites could be due to soil properties, or other environmental
parameters intrinsic to the geographical location.
Statistical analysis
Statistical analysis of the trials was conducted using Minitab software, in order to identify if
there was a soil/site impact on the film degradation. The first analysis examined the combined
effect of several available factors, as listed in Table 3.8.
Two factors were found to be significant (p-value < 0.05) (Table 3.8). Within those factors,
one refers to a soil property, more specifically to the OM content, and the other parameters
relate to rainfall, since it was assumed those factors would play a role with respect to the time
for the film to reach embrittlement.
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Figure 3.6: Actual SRD measured vs predicted SRD from regression output Table 3.8, 1) using a black
circle symbol with a straight line with all factors included, and 2) using a square symbolwith a dashed line,
excluding factors with a p value > 0.05.
The R2 value obtained was relatively low at 62%, but higher than 50% which gives some
validity to the regression Equation 3.3.
Solar radiation dose at embrittlement= 575
+ 19.4 Film type
+ 0.88 Average air T
+ 12.6 Total rainfall
- 68.4 OM (%)
- 40.8 Site
(3.3)
The statistical analysis was repeated, excluding all parameters with a p-value greater than
0.05, but keeping all the weather factors. The analysis indicates that the higher the content
70 Field trials
of organic matter, the faster the film would degrade, as reflected by the negative coefficient
(-60.1, Table 3.8). In this case the R2 value is similar to the one obtained for the first analysis
at 60%, although the validity of the equation is quite low. The multi variant statistical analysis
showed that soil likely has an impact on film degradation, as reflected by the p value for the OM
which is below 0.05. Equation 3.3 gives a reasonable estimation of the solar radiation dose to
embrittlement, as presented in Figure 3.6 which shows the actual SRD vs the predicted value.
3.4 Soil trial
Outdoor weathering field trials were performed with a laboratory blown oxo-degradable PE
thin films in parallel with a non-degradable PE film. In this case, films were aged at four sites:
at the same two sites in Queensland as the previous study, and at 2 other sites in Tasmania.
For the QLD sites, the films were also aged over an aluminium holder as a control. The
aluminium holder avoids the film being in contact with the soil, while being exposed to the
same weather conditions. At the Tasmanian sites, one was set up on a sandy soil as this soil
is very low in organic matter (OM 0.1%); in this case the sand represented an extreme for the
purpose of studying the OM effect. The overall aim of this trial was to investigate the effects
of environmental parameters on the ageing of different film formulations.
3.4.1 Experimental Procedure
Materials and Processing
The polyethylene base matrix and the pro-degradant employed (P25: Sigmacote®, cobalt and
iron) were prepared as described previously in Section 3.3.1. Films were blown at the laboratory
scale using a single-screw extruder coupled with a film blowing tower. Prior to blowing, the
base resin masterbatch was homogenised by physical mixing, followed by extrusion through a
40 L/D, co-rotating twins screws Entek extruder with 27 mm diameter screws. The maximum
barrel temperature was 200°C and the screw speed was 50 rpm giving a residence time between
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Table 3.9: Pro-degradant concentration in the final film formulations.
Films Pro-degradants
PE none
TiO2 1wt% TiO2
FeSt 1wt% Fe(II)St
CoSt 1wt% Co(II)St
3.5 and 4.0 minutes. The extrudate was immediately pelletised using a hot, die-faced pelletiser
running at 200 rpm, producing pellets of approximately 5 mm diameter. A total of 300 g of
pelletised material was then blown through to a 25 L/D Axon BX25 extruder fitted with a
blowing die (215°C) of 40 mm in diameter and associated tower. The single, 25 mm diameter
Gateway screw had several cut flights towards the exit end and was run at 28 rpm. The blow-up
ratio was a maximum of 3. Film formulations are summarized in Table 3.9. Film thickness was
measured using a Teclock upright micrometer. The laboratory blown film had an average film
thickness of 13 ± 1 µm, value for an average of 10 measurements.
Natural outdoor ageing
Model field trial films were exposed to natural ageing during the Australian summer of 2014
(starting on the 26th of February) over different soil types within Australia.
The same two locations separated by 20 km were chosen in Queensland:
• OM 6.8%: Pinjarra Hills (27.5333°S; 152.9000°E),
• OM 5.6%: Thornlands (27.5500°S, 153.2667°E),
and two other sites in Tasmania 20 km apart from each other as well, with one :
• OM 3.0%: Cambridge (42.8367° S, 147.4411° E),
• OM 4.7% and OM 0.1%: Clifton beach ( 42.9894° S, 147.5217° E),
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Table 3.10: Characterisation of soils from the different sites that were used to trial the degradation of films
in 2014.
Soil code OM 3% OM 5.6% OM 6.8% OM 4.7% OM 0.1%
Site climate Temperate Subtropical Subtropical Temperate Temperate
Location Cambridge Thornlands Pinjarra Hills Clifton Clifton
Texture Sandy Loam Fine sandy
clay loam
Coarse sandy
clay loam
Mudstone Sand
pH (water) 5.6 5.8 7.5 5.6 6.4
Total organic
Carbon(%)
1.5 2.8 3.4 2.3 0.05
% Organic matter 3 5.6 6.8 4.7 0.1
The key soil characteristics are presented in Table 3.10. It is worth noting that in comparison
with Table 3.3, soils collected from the same sites showed some variations, for examples the
Pinjarra Hills soil had a pH of 6.7 while here it reached 7.5; or the organic matter content of
the Thornlands soil was higher, 3.9% for the previous study to 5.6% in this later study. The
other soil parameters showed some variation as well. These results reflect that soils are living
matrices. Over time and depending on the season and the cultivation history, the soil properties
are altered [Bevivino et al., 2014, Turner et al., 2015, Ekrem-Karpuzcu et al., 2016].
The Clifton beach site was set up with two different soil types, a mudstone soil and a
commercial sand. The mudstone soil was the local soil. In the case of sand, a large area (3
m x 4 m) to a depth of 60 cm was filled with sand. Sand was selected as it is very poor in
organic matter (0.1%). Square film samples of 50x50 cm2 were laid to mimic mini-greenhouse
conditions, with the edges buried in order for the film to form a confined environment. Samples
were monitored every 2 to 5 days, depending on the site (a standard deviation for SRD was
reported as the equivalent of ± 2 or 5 days of solar radiation dose depending on site). Weather
data (solar radiation dose, temperature) were collected from on site weather stations, while the
rainfall was collected from the nearest BOM station [Commonwealth, 2009-2014]. The soil was
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subjected to the same extensive characterisation system as previously described in Section 2.5.2.
In the case of the Queensland trial, an addition sample was also laid over an aluminium
holder as a negative control. The aluminium plate has a reflectance of 75% at 320 nm, which
is much higer than the soil. The aluminium holder acted as a barrier between the soil and the
film, minimising the soil interaction.
3.4.2 Results and Discussion
Tables 3.11, 3.12, 3.13 and 3.14 present the time to embrittlement for the different films at the 4
locations when laid over different substrates. These Tables show that, as expected, the addition
of pro-degradant enhances the degradation of PE films, and the rate of oxidation depends on
both the type of pro-degradant and the site.
Ageing of PE Films (without pro-degradant)
At all sites, the control PE film with no pro-degradant degraded much slower compared with
the film containing pro-degradants (Table 3.11).
Figure 3.7 shows that the maximum and minimum daily temperatures at both sites in
Tasmania were almost identical during film exposure, which is also observed for the 2 sites
in Queensland. However, for the PE control film, the total solar radiation dose to reach em-
brittlement in QLD was more than double over OM 5.6% (2,830 MJ/m2) compared with over
OM 6.8% (1,235 MJ/m2) (Table 3.11).
The film over OM 0.1% at Clifton (4,540 MJ/m2) was also slower to degrade compared
with the film over OM 3% at the Cambridge site (3,750 MJ/m2). The effect of site on the solar
dose rate became more pronounced as the trial progressed from late summer through to winter
(the flattening of the cumulative solar dose curve in Figure 3.7) and this is apparent in the
embrittlement times of the films without pro-degradant.
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Table 3.11: Time to embrittlement above ground for PE at different locations over each substrates during
the 2014 trial.
Location Substrate
OM
Embrittle
Time SRD Rainfall
(%) (day) (MJ/m2) (mm)
Thornlands (QLD)
Light clay 5.6 243 2830±140 381
Aluminium Holder - 203 1950±90 357
Pinjarra Hills (QLD)
Coarse sandy clay loam 6.8 68 1215±75 1
Aluminium Holder - 93 1535±60 221
Clifton (TAS)
Sand 0.1 316 4540±120 496
Mudstone 4.7 -
Cambridge (TAS) Sandy Loam 3.0 294 3750±130 421
This can be seen in the time for the PE film to embrittle at Thornlands over OM 5.6%,
which took over 200 days, compared to 90 days at Pinjarra over OM 7.5%, and around 300
days for the Tasmanian sites. Interestingly, when the film was laid over an aluminium holder,
which acts as a barrier between the film and the soil, the observed effects on embrittlement
time were site dependant.
At the Pinjarra Hills site, the film was slower to degrade over the aluminium holder compared
to the soil (OM 6.8%) by 21%, which is the opposite for the Thornlands site where the soil
(OM 5.8%) seems to retard the embrittlement by more than a month (243 days vs 203 days),
which is also reflected by the increase of the total solar dose at embrittlement by 45%.
Ageing of TiO2 containing films
TiO2 is a very efficient photo-oxidant. The addition of 1 wt% TiO2 reduced the time taken for
the PE film to embrittle by a factor varying between 5 to 14 depending on the site location
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Table 3.12: Time to embrittlement above ground forTiO2 at different locations over each substrates during
the 2014 trial.
Location Substrate
OM
Embrittle
Time SRD RainFall
(%) (day) (MJ/m2) (mm)
Thornlands (QLD)
Light clay 5.6 18 350±55 26
Aluminium Holder - 20 380±55 27
Pinjarra Hills (QLD)
Coarse sandy clay loam 6.8 14 310±60 16
Aluminium Holder - 20 430±75 84
Clifton (TAS)
Sand 0.1 51 1045±80 44
Mudstone 4.7 28 695±90 26
Cambridge (TAS) Sandy Loam 3.0 28 505±60 29
and soil type (Table 3.12). When the film was laid over OM 0.1% (sand) at Clifton, it took
twice as long to degrade the film compared to over OM 4.7% soil. This clearly demonstrates
the role of the soil properties on the film performances, given that all other conditions were
identical. Nikolic et al. [2017] reported that the addition of 1 wt% TiO2 as P25 reduced the
embrittlement time by a factor of 3 to 4, while for the same film aged in a laboratory weath-
erometer the accelerating factor ranged from 5 to 8. This highlights a challenge in translating
the polyethylene film lifetime from weatherometer studies to the performances of the film in
the field.
The higher reflectance of the aluminium plate (75% at 320 nm) did not translate into a
faster degradation, as evidenced by the Pinjarra hills results wherein the TiO2 film, which is
the more photo sensitive film compared to the other prodegradants, embrittled faster over the
soil (with a reflectance of only 4% (14 days, 310 SRD)) compared to the aluminium holder (20
days, 430 SRD)
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The solar exposure of TiO2 films on aluminium holders should theoretically be the same at
the two sites in QLD as they are at the same latitude. The value of the total solar radiation dose
to embrittlement over the aluminium holder for the Pinjarra Hills site (430 MJ/m2) and the
Thornlands site (450 MJ/m2) were similar (within one standard deviation), which was slightly
slower than over OM 6.8% soil (310 MJ/m2) and OM 5.6% soil (350 MJ/m2). Figure 3.7
indicates that the solar dose rates for both sites were very similar for the first 20 days. The
differences noticed between the aluminium holder and the soil could be due to a miniature
greenhouse effect occurring when the film was laid over the soil. This effect occurs when the
film creates a confined environment, allowing water to condense on the under surface of the
film, while trapping volatiles emitted from the soil, in contrast to the aluminium holder which
is open to the environment.
The results from the two temperate sites in Tasmania (Cambridge and Clifton) showed no
differences between OM 3.0% and OM 4.7% soil for the time to embrittle (28 days). The most
interesting result was when the film was over OM 0.1% (sand), where its degradation slowed
down by a factor of 1.8 (51 days over OM 0.1% vs 28 days over OM 4.7%), which might be linked
to the sand properties, possibly to the low organic matter content. The total solar radiation
doses at both sites were very different, which could be due to differences in rainfall/cloud
cover, which was lower at Clifton for the same period, as well as some possible shading of the
Cambridge site early in the day due to some trees. The values of dose to embrittlement were
higher than for the sub-tropical sites, which is likely to be a reflection of the effect of latitude
on the UV band edge.
Ageing of FeSt containing films
The addition of 1% of FeSt, which is also a photo sensitive additive, decreased the embrittlement
time by a factor of 4 to 10 (Table 3.13), suggesting that while iron accelerates the degradation
it is not as efficient as TiO2, as expected from the literature [Ohtani et al., 1992, Fa et al., 2010,
Yang et al., 2011].
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Table 3.13: Time to embrittlement above ground for FeSt at different locations over each substrates during
the 2014 trial.
Location Substrate
OM
Embrittle
Time SRD RainFall
(%) (day) (MJ/m2) (mm)
Thornlands (QLD)
Light clay 5.6 24 450±50 44
Aluminium Holder - 28 495±30 119
Pinjarra Hills (QLD)
Coarse sandy clay loam 6.8 19 430±75 17
Aluminium Holder - 26 565±60 19
Clifton (TAS)
Sand 0.1 68 1245±60 100
Mudstone 4.7 51 1045±80 44
Cambridge (TAS) Sandy Loam 3.0 68 865±40 107
For a same location in QLD, the film was slower to degrade over the aluminium holder
(565 MJ/m2; 495 MJ/m2) compared to the film over soil (430 MJ/m2; 450 MJ/m2), suggesting
again that the soil may play a role in the film degradation. When the film was exposed to a
cooler climate in Tasmania, its degradation was slowed down, taking almost twice the time to
embrittle compared to the subtropical sites. This is primarily explained by the difference in
temperature, as iron is also a thermally sensitive pro-degradant. Within the Tasmanian sites,
the different soil types delivered different outcomes. The film was slower to degrade over the
OM 0.1% (1247 MJ/m2) compared to the OM 4.7% (1046 MJ/m2) or OM 3% (867 MJ/m2).
Ageing of CoSt containing films
For films containing CoSt, which is a more thermally sensitive pro-degradant compared to
TiO2 and FeSt, the film embrittlement time was between 4 to 12 faster than the contol PE
film. The embrittlement time was slightly faster over OM 6.8% soil at Pinjarra Hills than
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Table 3.14: Time to embrittlement above ground for CoSt at different locations over each substrates during
the 2014 trial.
Location Substrate
OM
Embrittle
Time SRD RainFall
(%) (day) (MJ/m2) (mm)
Thornlands (QLD)
Light clay 5.6 21 400±55 27
Aluminium Holder - 21 400±55 27
Pinjarra Hills (QLD)
Coarse sandy clay loam 6.8 19 430±75 17
Aluminium Holder - 26 565±60 19
Clifton (TAS)
Sand 0.1 62 1185±70 12
Mudstone 4.7 51 1045±80 12
Cambridge (TAS) Sandy Loam 3.0 52 750±40 51
over the aluminium holder, which was not observed at Thornlands, where the embrittlement
time was identical over the OM 5.6% and the aluminium holder (Table 3.14). Similarly, the
embrittlement time and total solar radiation dose to embrittlement measured for the sites
located in temperate climate in Tasmania, was decreased by a factor of 2 to 3 compared to the
sites in Queensland, which is most likely due to the significantly lower temperature (by 10°C)
in Tasmania. The results at Clifton confirmed that over OM 0.1% the degradation process of
CoSt film was the slowest compared to soil, in terms of embrittlement time.
3.4.3 Conclusion
Overall, the different film performances were dependent on site, as well as on expected factors
such as temperature. When the film contained pro-degradant, the impact of the soil properties
on the degradation time was less pronounced compared to the film without pro-degradant.
In the presence of pro-degradant, the degradation rate is higher than without pro-degradant,
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which might mask any soil effect. This was noticeable for the Tasmanian trials where, due to a
lower temperature, a longer exposure is needed to reach embrittlement, and a soil effect became
more evident. Interestingly when the film was exposed above the OM 6.8% soil at Pinjarra
Hills, the dose to embrittle decreased by a statistically significant amount (between 21% to
27% depending on the film type) compared to the aluminium holder at the same location. This
could be due to the enclosed environment creating a headspace by the film. The headspace will
trap moisture as well as volatiles produced from the soil.
3.5 Conclusions
In principle, as long as allowance is made for the change in dose rate and temperature with
time of year, then it should be possible to predict the time for the film to embrittle at different
locations.
The field ageing results presented suggest that a site dependent factor other than UV,
temperature, and rainfall was impacting on the rate of PE photo-oxidation. This effect was
observed in a number of field trials over a wide range of formulations and sites. The differences
observed were suspected to be related to soil type. Differences in soil properties, such as
reflection, colour, texture, pH, and OM content were observed between soils taken from each
site. When determining the lifetime of films in the enclosed environment of a crop propagation
film, the soil trial results suggest that the following extra factors may need to be taken into
account:
• the temperature increase and reflected radiation that is soil dependent,
• the organic matter content of the soil,
• other substances in soil that may inhibit or accelerate its photo-degradation, so that the
activity of any soil would be a balance of these competing effects.
Over all the aim of this chapter was to set the scene wherein variations in time to em-
brittlement that were observed in film degradation at the different field trial sites could not
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be explained by taking into account only the UV exposure, rainfall and temperature data for
that site. This chapter give us some indication of areas to investigate in subsequent studies, as
differences observed in field trial were attributed tentatively to the site and more specifically to
the soil type. From these field trial results, it was shown that different environmental factors,
such as soil organic matter content, could influence the polymer degradation. To investigate
this further, soil samples were taken from key sites trial (Forthside, Pinjarra Hills, Thornlands).
Films were aged over these soils under controlled accelerated laboratory conditions.

CHAPTER 4
Effect of Soil on the photo-degradation of PE
films
4.1 Introduction
Solar radiation dose, air temperature and relative humidity are the fundamental parameters
typically considered during accelerated laboratory ageing of PE in order to predict its envi-
ronmental degradation. Several studies using different types of polyolefin have shown that the
oxidation rate increased with increasing relative humidity or air temperature [Kockott, 1989,
Gijsman and Sampers, 1998, Sampers, 2002]. It has been proposed that higher relative hu-
midity enhances the formation of hydroxyl radicals [Jin et al., 2006, Fernando et al., 2009].
The previous chapter also demonstrated that soil has an impact on PE photo-degradation rate.
This could be attributed to organic mater as well as other phenolic substances in soil that may
have an antioxidant action and reduce the concentration of reactive oxygen species, so that the
activity of any soil would be a balance of these competing effects.
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In this chapter, accelerated ageing studies were performed in a controlled environment,
using soils collected from specific sites, in order to isolate any climatic/site effects on the rate
of degradation of the polymer films. This chapter also assesses the effect of watering the soil
on PE degradation rate as well as the effect of sterilising the soil in order to remove any
micro-organisms present and thus eliminating effects of microbial activity.
4.2 Isolation of climatic component from site by ageing
in control environment
As established in Chapter 3, the statistical analysis of field trials data revealed that unexpect-
edly one of the dominating factors controlling the above ground film degradation rate, was
related to organic matter in soil. In order to isolate any climatic or other site-specific effects
on the rate of degradation of the polymer films, an accelerated ageing study was carried out in
a well-controlled device, using soils collected from the following three sites:
• Forthside (OM 8.4%), krasnozem ferrosol,
• Pinjarra (OM 4.4%), coarse sandy clay loam, and
• Thornlands (OM 3.9%), light clay.
4.2.1 Experimental Procedure
Material
The films tested in this section consisted of a PE control film without any pro-degradant as well
as three films with the same type of pro-degradant as the ones investigated in Section 3.4: TiO2,
FeSt and CoSt (Table 4.1). The resins used to prepare the film contained minimal processing
stabiliser only, added by the manufacturer. Extra stabiliser was not added during processing.
All films were laboratory blown as described previously in Section 3.4.1.
Soils were collected from each site at a depth of 10 cm, and were sieved through a 2 mm
mesh screen to remove gravels and large plant materials. They were then prepared by mixing
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Table 4.1: Pro-degradant concentration in the final film formulations.
Films Pro-degradants
PE none
TiO2 1wt% TiO2
FeSt 1wt% Fe(II)St
CoSt 1wt% Co(II)St
Figure 4.1: Cross-section of the film laid over the petri dish during accelerated ageing trials. The upper
side is directly facing the light while the under side is directly facing the soil.
with Milli-Q water to reach a moisture content of 30% w/w, to match the moisture content of
the Forthside soil type (as received). Between 25 to 30 g of soil was then placed into a glass
petri dishes, 2 cm deep, resulting in about 1.5 cm soil layer thickness.
Each film formulations was placed on top of the soil with the film edges secured by a rubber
band (Figure 4.1). Each sample was prepared in duplicate. A control of each formulation was
included in the experimental suite, where each formulation was laid over an empty petri dish
(Air). In addition, each formulation was placed over a petri dish containing only Milli-Q water
(Water).
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Figure 4.2: QSun daylight filter and Sunlight full spectrum (250-800 nm) on the left, with a zoom out of
the UV region (260-400 nm) on the right [Q-Lab, 2017].
Table 4.2: Parameters of one QSun cycle used for accelerated laboratory ageing.
Mode
Time
Irradiance Black Panel Chamber air Relative
at 340 nm temperature temperature humidity
(hours) (W/m 2) (°C) (°C) (%)
Day 18 0.68 55 45 50
Night 6 - 55 45 50
Accelerated Laboratory ageing
A QSun (model Xe-3-H, Q-LAB) equipped with a chiller was used as the accelerated ageing
device to simulate day and night cycles, whilst controlling the air temperature and humidity.
The QSun chamber reproduces sunlight’s full spectrum (Figure 4.2), which is critical for testing
in conditions the closest to natural ageing as well as products that are sensitive to long-wave
UV, visible light, and infra-red.
Table 4.2 summarises the irradiance, air chamber temperature and relative humidity used
in the accelerated test, according to ASTM D2565, without water spray. At the end of each 24
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Figure 4.3: Diagram of the “0 Bar” water holding capacity method.
h, which is considered as one QSun cycle, the films were assessed for embrittlement. In the case
of films containing TiO2 the film whitening was also recorded. The UV irradiance and black
panel temperature were calibrated every 500 h with an independently calibrated radiometer
(CR-20) and thermometer (CT202) to the conditions used in the experiment.
Soil water holding capacity
The water holding capacity of soil was measured following the “0 Bar” water holding capacity
method based on weight as showed in Figure 4.3. A soil sample was saturated with water from
an adjacent container, with the water level being kept to the middle of the soil. Once the
equilibrium in this system was reached, the soil sample was weighed.
The water holding capacity (WHC) was calculated based on the weight of the water held in
the sample (Ww) versus the dry weight of the sample (Wd), as describe in Equation 4.1. The
sample was dried in oven at 45°C, for 24 hr.
WHC =
(Ww −Wd)× 100
Wd
(4.1)
Films assessment
Temperature under the film during accelerated laboratory ageing The temperature
under the film was measured using a calibrated thermocouple which was in direct contact with
the underside of the film. The reported values are the average ± 1 standard deviation (SD) from
a minimum of three measurements, once the temperature had reached a stable value (reached
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within 30 min of the QSun day cycle).
Film embrittlement The embrittlement point was defined as the ageing time elapsed until
the film fractured multidirectionally when a small stress was manually applied normal to the
film plane, as described in Section 3.3.1
FTIR-ATR Spectroscopy Fourier transform infra-red attenuated total reflectance (FTIR-
ATR) spectroscopy was employed to determine the oxidation products, quantified by the car-
bonyl index (CI), as described in Section 3.3.1. Carbonyl production differs according to pro-
degradant type, environment, and whether the film surface was facing the soil or the lamps.
Spectra were recorded for both sides of the film, that is, the surface facing the soil (underside),
as well as the surface directly facing the light (upper side) (Figure 4.1). Prior to FTIR-ATR
analysis, each film was gently rinsed with deionized water and pat-dried with a lint-free tissue
to remove soil particles from the film.
UV-Visible Spectroscopy (UV-Vis) UV-Vis spectroscopy was performed to investigate
the changes in spectral transmission of samples containing TiO2, as these films whitened with
ageing due to hole formation [Ohtani et al., 1992].
Changes in transmission spectrum were determined using a Varian Cary 50 UV-visible
spectrophotometer across the spectral range of 280 nm to 1100 nm. The degree of film whitening
during weathering was characterised by the percentage of light transmission at 585 nm as
described by Ohtani et al. [1992]. The reported values are the average of 4 measurements in 4
different positions.
Scanning Electron Microscopy (SEM) Films were washed in an ultrasonic bath of Milli
Q water for 10 min and dried. They were then sputter-coated with gold for 30 seconds. The
samples were analysed using a FEI Quanta 200 Environmental SEM operating at 15 kV.
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Statistical analysis
The statistical analysis for multiple comparisons was performed using one-way analysis of vari-
ance, using Minitab software. A p-value <0.05 is considered as statistically significant at the
95% level.
4.2.2 Results and discussion
Ageing of PE control film
Embrittlement time Figure 4.4 presents the time to embrittlement for the PE control film
over different substrates in conjunction with the temperature reached under the film when aged
in the QSun. The time to embrittlement showed that the rate and extent of PE photo-oxidation
were significantly impacted by the different soils from each site. These results suggested that the
time to embrittlement was not directly correlated to the temperature of the air chamber (45°C),
neither to the temperature under the film. This was particularly noticeable when comparing the
time to embrittlement data with the temperature under the film. For example, the temperature
over the water was one of the lowest (47°C), but this did not result in the longest time to reach
embrittlement, as temperature effects did not appear to be the sole influence on the rate of
PE photo-oxidation. The impact of differences in soil properties was investigated, as soils here
accelerated degradation compared to air, as observed also over water.
Soil The soil reflectance at 400 nm reported in Table 3.3 in Section 3.3.1 did not correlate
with the time to embrittlement, as the soil with the highest reflectance at 400 nm (OM 3.9%,
with reflectance of 11.2%) was the slowest to degrade (43 days). This was further investigated
over substrates with different reflectance in Appendix B.
Since soil reflectance was not one of the key soil parameters influencing the film degrada-
tion, other factors were therefore investigated. Soil consists of a complex variety of materials,
combined with a rich mixture of microbial consortia. The composition of a typical soil is ap-
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Figure 4.4: Grey bars represent time to embrittlement (days) for PE control film when aged over the
different substrates (SD n=2 for each formulation),  represents the temperature (°C) under the film;
when exposed to accelerated laboratory conditions (Q-Sun).
proximately 45% mineral, 25% water, 25% air and 5% OM (by volume) [Pettit, 2004]. Although
the OM represents the smallest portion of the soil composition, it is believed to be the most
photo-active part of the soil [Pettit, 2004]. In particular, when laid over the soil OM 8.4%,
the PE control film degraded the fastest (24.5 days) when compared with the PE control over
air (48 days). The time to embrittlement increased as the concentration of OM within the soil
decreased with OM 4.4% to OM 3.9%, 29 and 43 days, respectively.
Table 4.3: Water holding capacity of the different soils.
Soil
Water holding capacity
(%)
OM 8.4% 65.4 ± 0.4
OM 4.4% 37.7 ± 0.7
OM 3.9 % 45.1 ± 0.9
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Water The differences observed in degradation rate could be due to soil properties as well
as presence of water. Water condenses on the underside of the film due to the difference in
temperature between the headspace and the plastic film. The relative humidity above the soil
and under the film was not measured for these specific tests, but from field experiment, the
relative humidity under the film rapidly reached saturation at 100%, regardless of the soil type.
This would likely change once the polymer degrades, due to the decrease in hydrophobicity and
permeability of the film.
As one of the main soil constituents is water, its impact on the photo-oxidation of PE was
also investigated. PE aged over water was not significantly different (30 days) to OM 4.4% soil
(29 days), suggesting that the results for PE photo-oxidation for this soil had a similar effect
to water. In contrast, for the film over OM 8.4% soil, embrittlement was approximately 7 days
earlier than over water, suggesting that the soil was enhancing the photo-degradation of the
film. In the case of the OM 3.9% soil, the time to embrittlement was much longer (43 days)
compared with water alone (30 days) suggesting that constituents within the soil were in this
case suppressing the photo-oxidation of PE. From results in Figure 4.4 there is no correlation
between embrittlement time and initial water content, as each soil was prepared with the same
water content. However this does not exclude a relationship with soil available water so water
holding capacity was also investigated.
Table 4.3 presents the water holding capacity of the three selected soils. OM 8.4% soil had
the highest water holding capacity (65.4%), indicating that this soil was able to store more
water than others. A higher WHC might have contributed to a faster degradation due to a
longer exposure to condensed water. OM 4.4% had the lowest WHC (37.7%), nevertheless the
films were degrading faster than over the OM 3.9% which had a higher WHC of 45.1%. The
inhibiting factor of the OM 3.9% soil on film photo-degradation might therefore be related to
the soil chemistry.
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Oxidised species The CI was determined for both sides of the PE film. As illustrated
in Figure 4.5, the CI value at embrittlement was different depending on the environmental
exposure of the film. A higher CI on the upper side of the film would be indicative of UV
induced chemistries dominating the mechanism of PE oxidation and consequently embrittlement
of the film. While a higher CI on the underside of the film would indicate possible chemistries
occurring due to presence of water and/or soil under the film, playing a role in the PE photo-
oxidation process. The presence of water as a condensed layer on the underside of the film
likely acts as a barrier to oxygen transmission, potentially limiting the rate of oxygen transfer
to the film.
A comparison of the CI profiles for PE aged over the three soil types showed that OM 8.4%
soil resulted in the highest degree of PE oxidation on both the upper side and underside of
the film, although the CI on the upper side was highly scattered compared with the underside.
The extent of oxidation on both sides of PE film aged over the OM 8.4% soil, particularly the
underside, was higher than observed for the underside of PE film aged over water. This may
be associated with the soil composition, which could play an additional role to water in the
photo-oxidation of PE film. This active soil component might be able to migrate through the
film resulting in a higher CI on the film upper side. The CI profile on the underside of PE
film aged over OM 4.4% soil showed a similar extent of oxidation compared with PE film aged
over water. This indicates that photo-chemistries for this soil might be comparable with water
alone in terms of PE photo-oxidation.
The most dramatic differences in PE photo-oxidation were observed for the OM 3.9% soil,
with a significantly lower CI on the underside of the film compared with the upper side. In
comparison with water alone, the CI over OM 3.9% soil were considerably lower. The CI
evolution on the underside of the PE film aged over the OM 3.9% soil was also lower than
both the upper side and underside of the PE control (air). These results clearly demonstrate
that a soil related factor has some effect on the rate of degradation of films. Control PE films
embrittled faster with increase in soil OM content, this was also observed in the oxidation rate.
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Figure 4.5: CI for a) the upper side and b) underside of the PE control films during accelerating ageing
over different substrates.
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The effect of water has been ascribed to several factors: chemical effect of water, environ-
mental stress cracking (ESC) induced by water and finally a physical effect of water through
additional reflection of the incident light. It has been reported by Jin et al. [2006] and Fernando
et al. [2009] that PE photodegradation was increase with increase relative humidity. Recently
James et al. [2013] observed that hydroxyl radicals played a role in breaking down ester and
carbonyl compounds into CO2. They reported a faster formation of intermediate carbonyl com-
pounds and breakdown products in the presence of water due to the supposed faster formation
of hydroxyl radicals, with a resulting increase in the overall degradation rate. although given
that water does not absorb at the irradiation wavelengths used, this mechanism is ambiguous.
Another possibility is that specific organic materials may also be present in the water, which
can cause environmental stress cracking [Tonyali and Rogers, 1987]. Another alternative is a
physical effect, where the condensed water on the underside of the film reflects some of the
incident light [Kulshreshtha and Awasthi, 2000]. The reflected light thus increases the amount
of light the film receives, which would lead to an increase in photo-degradation and a decrease
in the days to embrittlement for PE film laid over water alone compared with a dry air control.
Here water also enhanced photo degradation as showed by the results in Figure 4.4, where the
PE film degraded faster over water (30 days) than air (49 days) by a factor of 1.6. The results
of the PE film over OM 8.4% soil showed that some soil effects were additional to the possible
water condensation contribution.
These results suggest that both the water and soil properties such as OM have to be taken
into account when looking at polymer photo-degradation in the field.
Ageing of oxo-degradable films
TiO2 containing films TiO2 containing films embrittle after just 4 to 7 days (Figure 4.6),
which is about 4.5 to 8.6 times faster than PE film depending on the substrate. For TiO2 films,
the effect of soil on the rate of film oxidation degradation was not as clear as for the PE control
film, as the film photo-degraded very rapidly.
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Figure 4.6: Time to embrittlement for TiO2 film when exposed under accelerated laboratory conditions
over different substrates (SD n=2 for each formulation).
Figure 4.7 shows that a lower CI at embrittlement was observed for the films with TiO2 when
compared to PE control films. This was likely due to the photolysis of carbonyl products (such
as carboxylic acids) to volatile products when TiO2 is present [Ohtani et al., 1992], producing
voids as a result.
In all cases, the CI was lower on the upper side of the film than on its under side. There
could be competing processes contributing to this outcome. For example, the carbonyls on
the underside could be fully converted into volatiles, hence not taken into account in the CI
measurement. There could also be accelerated by the presence of condensed water, through a
range of possible mechanisms discussed in more detail in later sections.
At embrittlement, all CI values were lower than 0.1, while for the under side the value was
always higher than 0.1, especially when film was aged over a soil substrate where CI values
reached 0.2. On the under side of the film, when TiO2 films were aged over soil or water some
additional photo-oxidation was happening as higher CI was measured.
CI increase was faster for the film laid over OM 8.4% soil and water, especially for the
underside of the film. For OM 4.4%, the CI increase was similar to that over air. This soil
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Figure 4.7: CI for a) the upper side and b) underside of TiO2 films during accelerating ageing over different
substrates.
4.2 Isolation of climatic component 97
Table 4.4: Percentage of transmittance at 585 nm for TiO2 containing films after 1 day of ageing over
different substrates (before ageing transmittance @ 585=85%).
Substrates
Transmittance @ 585 nm
after 1 Day (%)
Air 26 ± 5
Water 17 ± 4
OM 8.4% 9 ± 1
OM 4.4% 18 ± 3
OM 3.9% 12 ± 2
The initial transmittance @ 585 nm was 85%
might not have had an impact on the TiO2 photo-oxidation. Interestingly, in the case of the
film aged over OM 3.9%, the oxidation rate was similar to water.
In the case of accelerated ageing, TiO2 is a very good photodegradant and thus it was very
fast to degrade (reaching embrittlement within a week), compared to natural ageing were it
took more time to degrade (over 2 weeks). Hence, differences in embrittlement time between
substrates in the accelerated ageing device were more subtle.
UV-Vis transmittance Additional to the CI evolution, changes in light transmittance
at 585 nm were used to evaluate the degree of film whitening during photo-oxidation of TiO2
containing films. The percentage of transmittance at 585 nm after 1 day of ageing is presented
in Table 4.4. The attenuation of the transmitted light of films containing TiO2 reflected the
changes in optical properties over ageing and was also the precursor to embrittlement. Over
ageing, films containing TiO2 turned white, decreasing drastically the transmittance of UV
and visible light. This visual whitening was due to the formation of micro holes in the film
which scatter light [Ohtani et al., 1992, Cho and Choi, 2001, Zan et al., 2004]. The micro holes
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Figure 4.8: Time to embrittlement for FeSt (a) and CoSt (b) films when exposed under accelerated
laboratory conditions over different substrates (SD n=2 for each formulation).
are formed by the volatilisation of oxidation products during photo-oxidation. Recrystallisa-
tion would also be possible following initial chain scission, both in parallel with and prior to
macroscale void formation during TiO2 induced photo-degradation
A rapid and strong decrease in transmittance for the film containing TiO2 was observed
after 1 day, where the light transmittance dropped from 85% (before ageing) to 20% (after 1
day). The transmittance decreased faster when films were aged over soil or water compared
to being over air. The decrease in light transmittance was the strongest for TiO2 containing
film over OM 8.4% soil, compared to the two other soils. Those results demonstrate clearly the
effect of soil accelerating the degradation of films and is in agreement with the CI and time to
embrittlement findings.
FeSt and CoSt containing Films Accelerated ageing of PE films containing equal con-
centration of pro-degradants cobalt (II ) stearate (CoSt) or iron (II ) stearate (FeSt) was also
evaluated over the same soils. The CoSt film showed a more rapid time to embrittlement com-
pared to FeSt (Figure 4.8), degrading almost two times faster. This is probably due to the high
temperature at which the experiment was run, as CoSt is a superior thermo-degradant than
FeSt [Roy et al., 2009, Nikolic et al., 2012]. Roy et al. [2009] attributed this to the ability of
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metal ions to switch between the +2 and +3 oxidation states. Both iron and cobalt are equally
effective photo-oxidants, but iron stearate in either oxidation state is not capable of initiating
or accelerating the thermo-degradation of LDPE.
CoSt aged over OM 8.4% embrittled at the same rate when compared to over water (4
days to 6 days respectively). CoSt and FeSt films embrittled significantly earlier on OM 8.4%
compared to OM 3.9% (p < 0.05) and were faster on all soils compared to films aged over air
(p < 0.05). These results suggest that the rate of degradation was affected by the properties
of each soil, also by the presence of water.
The evolution of CI for each film type during photo-oxidation was characterised during the
experiment (Figures 4.9 and 4.10). CI values were almost double for the CoSt film, reaching
0.4 when the film was aged over water, and would reach 0.3 in the case of OM 8.4%, compared
to the FeSt films for which the maximum value was approximately 0.2 when the film was aged
over OM 8.4%. For both films a faster increase of CI was observed when films were degraded
over OM 8.4% soil or water.
For the underside of the films, the CI growth rate was the slowest over OM 3.9%, which
was even slower than over air. OM 3.9% was again retarding the film photo-degradation. For
the upper side of the films, no differences were observed for the CI increase rate between soils
and water; only over air a decrease in carbonyl production rate was recorded. OM 4.4% the CI
growth was increased compared to over air, but the increase was not as high as in the case of
OM 8.4%. The soil chemistry of OM 4.4% seems to have a lower impact on the photo-oxidation
of the metal stearate pro-degradant compared to OM 8.4%.
Overall, it was found that the rate of CI production was dependant on the soil type. These
results confirmed the trends already noted with the PE control film, where the carbonyl pro-
duction rate was dependent on the substrate type.
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Figure 4.9: CI for a) the upper side and b) underside of FeSt films during accelerating ageing over different
substrates.
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Figure 4.10: CI for a) the upper side and b) underside of CoSt films during accelerating ageing over different
substrates.
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Figure 4.11: SEM images of the polymer films PE and TiO2 before ageing and at embrittlement.
SEM
The film surface topography was investigated using scanning electron microscopy of samples
taken before ageing and at embrittlement for the PE control film and the film containing TiO2
(Figure 4.11). The initial films, presented a smooth and homogeneous surface with no holes.
At embrittlement, films that were aged over soils displayed more surface changes, with the
presence of many holes, in contrast to the films aged over the control aluminium holder panel,
where fewer but bigger holes can be observed, with less surface roughness.
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4.2.3 Conclusions
These accelerated ageing studies confirmed the outdoor weathering findings. Results demon-
strated that the soil type played a significant role in the rate of photo-degradation of oxo-
degradable and PE control films. It was shown that water also had a significant impact on the
rate of PE photo-oxidation, which was not fully expected. The substrates could be ranked from
the fastest to the slowest to degrade the film as:
OM 8.4%
>
OM 4.4%
> OM 3.9%
Water Air
4.3 Effect of soil watering on photo-degradation of PE
films
In the previous study in Section 4.2, soils were not watered during ageing. Each soil sample
had its moisture content adjusted to 30% to match the soil moisture content of OM 8.4% soil
when received. However, over the period of the experiment the soils dried out. As the previous
study pointed out that water was a parameter influencing significantly the degradation rate of
polyethylene, the aim of this study was to assess the effect of soil watering on film degradation.
The presence of condensed water under the film surface can significantly influence its photo-
oxidation, by causing the following changes:
• photo-generation of hydroxyl radicals and other reactive species [Hamid et al., 1992],
• inducing sunlight reflection [Kulshreshtha and Awasthi, 2000],
• affecting the film surface tension and therefore modifying the energy required to propagate
a crack [Suresh et al., 2011], and
• leaching out of photo-stabilisers from polymer [Nechifor, 2016].
In the case of change in surface tension due to the presence of condense water under the
film, this change of surface tension would not directly change the carbonyl group production
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Table 4.5: Parameters of one QSun cycle used for accelerated laboratory ageing.
Mode
Time
Irradiance Black Panel Chamber air Relative
at 340 nm temperature temperature humidity
(hours) (W/m2) (°C) (%)
Day 18 0.68 60 45 40
Night 6 - 60 45 40
rate but nevertheless would reduce the film lifetime, as well as facilitating water and oxygen
penetration which potentially can modify the carbonyl index growth rate. This is a complex
mechanism of interaction where it is difficult to isolate one parameter at a time, as recently
described by Hirsch et al. [2017] the increase in sample cracking was attributed to the greater
water diffusion in the polymer due to the increase number of hydrophilic group during PE
weathering.
4.3.1 Experimental Procedure
Material
The films tested in this section consisted of a PE control film as well as the same 3 oxo-
degradable PE films investigated in Section 4.2.1.
Soil preparation
In this study, after two day and night QSun cycles (48 hours) each soil was watered with MilliQ
water to reach its original water content (30 wt%). In order to do so, the film was gently
removed, and the soil was watered in order to recover its original weight.
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Accelerated Laboratory ageing
In this study the same set up as described in Section 4.2.1 was used, with the only difference
being the temperature of the black panel which was raise to 60°C to allow the QSun to run in
a stable mode, as it was moved to another room with controlled air conditioning. The QSun
cycles are described in Table 4.5.
Films assessment
Films were assessed for embrittlement time. Film’s oxidation rate was measured by CI over
time. The CI for PE control films was measured every 2 day/night QSun cycles, while the CI
for oxo-degradable films were measured after each day/night QSun cycle. Reported values are
an average of 3 measurements per film side.
4.3.2 Results and discussion
Ageing of PE control film
The embrittlement time for the PE control films laid over the different substrates under different
conditions are summarised in Table 4.6. As reported previously, films were faster to embrittle
over soil (less than 31 days) compared to over air (38 days). The most outstanding result
was observed when the soils were watered: it took 5 days less for the film to embrittle when
compared to the non watered soil OM 8.4%, and for OM 3.9% it took 22 days and 26 days
respectively. In those two cases, the embrittlement time was even faster than over water alone
(28 days). In the case of the OM 4.4% soil, no acceleration was observed between the watered
and non watered soil; it took 28 days for the film to embrittle which is the same time as over
water.
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Figure 4.12: CI for a) the upper side and b) the underside of PE control films during accelerating ageing
over OM 8.4%, OM 4.4% and OM 3.9% soils watered and non watered.
4.3 Effect of soil watering on photo-degradation of PE films 107
Table 4.6: Time to embrittle for the PE control film laid over the different subtractes in the controlled
accelerated ageing device Qsun.
Substrates
Water Time to embrittlement
treatment (days)
Air - 38 ± 1
Water - 28 ± 1
OM 8.4%
non watered 27 ± 1.5
watered 22 ± 2.8
OM 4.4%
non watered 28 ± 1
watered 28 ± 1
OM 3.9%
non watered 31 ± 1.4
watered 26 ± 1
Figure 4.12 shows that CI values at embrittlement varied with soil type and conditions. As
mentioned earlier, a higher CI value on the underside of the film would indicate that chemistries
are occurring from the water and/or soil under the film affecting its degradation. The CI
evolution for the PE control over the 3 soil types, with 2 different treatments (non watered and
watered), shows that OM 8.4% soil under both treatments (non watered and watered) presented
the highest degree of PE oxidation on both the underside and upper side. No major difference
was observed for the CI growth profile between OM 8.4% watered and OM 8.4% non watered.
Interestingly, the oxidation extent on both sides of the PE film over OM 8.4% soil (watered and
non-watered) was higher compared to water. This result indicated that in addition to water the
soil is playing a role in PE oxidation. When the film is aged over OM 4.4%, the CI measured
on the upper side of the PE control film for both the watered and non-watered soil showed a
similar increase; which is also similar to the rate of CI increase over water. On the underside
of the film, the rate of CI increase was similar to air. This soil did not have any greater effect
on the PE control photo-degradation than that of water.
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Table 4.7: Time to embrittle for TiO2 and CoSt films over the different substrates in the controlled
accelerated ageing device Qsun.
Soil
Water
treatment
Time to embrittlement (days)
TiO2 CoSt
Air - 16 ± 1.5 10.5 ± 0.7
Water - 9 ± 0.5 7.5 ± 0.7
OM 8.4 %
non watered 8 ± 0.5 6 ± 0.5
watered 8 ± 0.5 5 ± 0.5
OM 4.4 %
non watered 9 ± 0.5 7±1.5
watered 9 ± 0.5 5±0.5
OM 3.9 %
non watered 10 ± 0.5 8 ± 0.5
watered 8 ± 0.5 5 ± 0.5
The most dramatic difference in PE photo-oxidation were observed when OM 3.9% was
watered compared to non-watered. Once OM 3.9% soil was watered, the CI evolution for the
PE film was much faster than over OM 3.9% non watered. Interestingly, the CI growth over the
watered OM 3.9% was slightly faster than over water for the underside of the film, suggesting
that once the soil was watered the degradation chemistry was similar to the water alone. On
the other hand, when OM 3.9% soil was not watered the CI growth was similar to over air.
The same trends were observed for the upper side of the film.
Ageing of oxo-degradable films
The accelerated degradation of PE film with the addition of pro-degradants (1% TiO2 and 1%
CoSt) was also assessed over the same soils (OM 8.4%, OM 4.4% and OM 3.9%). Table 4.7
underlines the same observed effect as for the PE film, when the OM 3.9% soil was watered the
embrittlement time for both TiO2 and CoSt film was decreased.
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Figure 4.13: CI for a) the upper side and b) the underside of TiO2 containing films during accelerating
ageing over OM 8.4%, OM 4.4% and OM 3.9% soils watered and non watered.
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The TiO2 containing films, were the fastest to degrade over the OM 8.4% soil regardless
of its treatment (watered or non-watered). The film embrittled within 8 days over OM 8.4%
but was the slowest over air (16 days). When the film was over OM 4.4%, regardless of the
soil watering, it embrittled at the same rate as over water, reaching embrittlement in 9 days.
When the film was aged over OM 3.9%, it degraded faster over watered soil (8 days) than over
non-watered soil (10 days), although this was a marginal difference.
Figure 4.13 displays the CI growth for both sides of TiO2 films over the different soils. In
this, the CI growth on the upper side was similar between the water and the air, suggesting that
on this side the photo-oxidation was mainly UV driven. On the underside, the CI evolution was
higher when the film was over water, suggesting that water was increasing the photo-oxidation
rate of the TiO2 films. For OM 8.4% soil (watered and non-watered) the CI evolution was
similar to the CI increase over water alone on both sides of the film. When TiO2 films were
aged over OM 4.4%, the CI growth had the same profile as over air, even when the soil was
watered. From these results it appears that the OM 4.4% soil has little effect on the TiO2
photo-oxidation. Surprisingly, once OM 3.9% soil was watered the CI evolution showed a
similar increase as over water for TiO2 film on the under side, i.e. once OM 3.9% was watered,
the photo-oxidation was not inhibited any more. On the upper side of the film, as described
before, the CI growth was similar between each substrate and the photo-oxidation was mainly
governed by the UV exposure. The CI values were lower, reaching at the most 0.1 compared to
the underside where it could be as high as 0.15. This indicates that the underside was subjected
to more oxidation chemistry than the upper side, and/or that on the upper side those gaseous
by-products were evolved.
Overall, the CoSt containing films were faster to degrade than TiO2 containing films. This
was probably due to the increase in the black panel temperature compared to the study in
Section 4.2, as CoSt is a more thermal sensitive pro-degradant.
For CoSt films, when the soil was watered the film degraded within 5 days regardless of the
soil type. This was even faster than over water alone (7.5 days). CoSt films showed the same
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Figure 4.14: CI for a) the upper side and b) the underside of CoSt containing films during accelerating
ageing over OM 8.4%, OM 4.4% and OM 3.9% soils watered and non watered.
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trend as for PE control films and TiO2 containing films: when OM 3.9% soil was watered, the
inhibition effect of OM 3.9% soil on the film photo-oxidation was suppressed (Figure 4.14). In
the case of OM 8.4% soil, the CI values over time were slightly higher when the soil was watered
compared to the non watered soil, showing that in addition to the water effect, there was a soil
effect which accelerated the production rate of oxidative species on the film surface.
4.3.3 Conclusions
This studies confirmed the finding from Section 4.2. The soil was significantly influencing the
degradation rate of PE control film as well as oxo-degradable PE films.
The most outstanding result was observed when OM 3.9% was watered. In this case when
films were laid over OM 3.9% watered their degradation was not inhibited any more compared
to when the soil was not watered, with the rate of photo-oxidation of film drastically increasing
on watering this soil. The production rate of carbonyl was similar to that obtained over water
alone.
For OM 8.4% watered soil, the carbonyl production profile was similar to non-watered soil.
It still remained higher or comparable to water alone, suggesting that there was a soil effect
in addition to the water effect. Finally, for the OM 4.4%, no major difference was observed
between the watered and non-watered soil its effect on the film oxidation was similar to the
one obtained over air.
4.4 Influence of micro-organisms on the photo-oxidation
of PE films
As identified in the literature, micro-organisms might be able to digest and degrade PE once
it has reached an advanced state of oxidation. Photo and/or thermal oxidation of PE prior to
its exposure to a biotic environment enhances its biodegradability [Gilan et al., 2004]. This
microbial degradation process is initiated by enzymes ultimately causing chain cleavage of the
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oxidised polymer into monomers. Hadad et al. [2005] demonstrated that LDPE could be bio-
degraded if the right microbial strain is isolated. They found that a specific thermophilic
bacterium, Brevibaccillus borstelensis strain 707 (isolated from soil), was able to utilise PE as
the sole carbon and energy source. A maximal bio-degradation was obtained when the film
was photo-oxidised prior to exposure to this micro-organism. The carbonyl species formed
during photo-oxidation increase the surface hydrophilicity, allowing micro-organism to utilise
polyethylene as a nutrient (i.e. a carbon source). Gomes et al. [2014] recently conducted a study
on biotic degradation of pre-oxidised PE films with and without pro-degradants, in simulated
soils. They found that the changes in CI for pre-oxidised films was linked to the micro-organism
activities on the PE structure. They observed colonisation of several micro-organism colonies
on the film surface creating erosion. This was observed for PE films both with and without pro-
degradant; indicating the initiation of biodegradation of the films after a preliminary abiotic
degradation (photo-oxidation). This was previously reported by Yamada-Onodera et al. [2001],
where functional groups inserted into pro-oxidized PE samples aid its bio-degradation, allowing
micro-organism to assimilate polyethylene samples.
In this study, the bio-degradation by micro-organisms was not investigated. But the focus
was on removing the effect of any micro-organisms from the soil on PE photo-degradation by
studying the effect of sterile soils on film degradation rates.
4.4.1 Experimental Procedure
Soil sterilisation
Sterilised soil is frequently used as a control to differentiate between microbial processes and
abiotic reactions, for example in degradation studies [Liebich et al., 2006]. In this study all
three soils were autoclaved in order to sterilise them. Prior to sterilisation, the soil was passed
through a 2 mm sieve. The soil was then placed in an autoclave (Atherton TEB) on a porous
steam sterilisation cycle at 121°C for 45 min, followed by a 10 min dry cycle. Once the soil
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had been cooled, the sterilised soil was transferred into a laminar flow fume-hood where the
sterilised soil was transferred into sterilised plastic sample bags and sealed with autoclave tape.
The sterilised soil was adjusted to 30% moisture content with sterile distilled water, prior to
ageing in the QSun apparatus. After two QSun cycles as described in Table 4.5; each soil was
watered with Milli-Q water to reach its original water content (30 wt%).
Accelerated Laboratory ageing
The same set of films as used in Section 4.3 was aged over the sterilised soils under accelerated
conditions in the QSun, which was set up as described in Section 4.3.
Films assessment
During ageing, films were assessed for embrittlement time. For the PE control film with no
pro-degradant, the carbonyl index was measured every two day/night QSun cycles. For the
oxo-degradable films the carbonyl index was measured after each day/night QSun cycle. The
reported values are an average of 3 measurements per film side.
4.4.2 Results and discussion
Ageing of PE control Film
Table 4.8 summarises the time to embrittlement for PE control film over sterile and non sterile
soils, as well as over water and air. As reported previously, PE control film was the slowest to
degrade over air (38 days), and the fastest to embrittle over soil with OM 8.4% (22 days). For
the three soils studied, PE control films reached embrittlement at the same time over sterile
soil as over non sterile soil; no acceleration factor was measurable.
On the other hand, CI values revealed some difference in the carbonyl production rate
between sterile and non sterile soil. This is mainly observable on the underside of the film, which
is more likely to reflect the effect of different soil treatments on the film oxidation pathway.
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Figure 4.15: CI for a) the upper side and b) underside of PE control film during accelerating ageing over
OM 8.4%, OM 4.4% and OM 3.9% soils non sterilised and sterilised.
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Table 4.8: Time to embrittlement for PE control film over different substrates in the controlled accelerated
ageing device Qsun.
Substrate
Sterilisation Time to Embrittlement
treatment (days)
Air - 38 ± 1
Water - 28 ± 1
OM 8.4 %
non sterile 22 ± 2.8
sterile 22 ± 2.8
OM 4.4 %
non sterile 28 ± 1
sterile 27 ± 1
OM 3.9 %
non sterile 26 ± 1
sterile 26 ± 1
Figure 4.15 presents the increase of CI for PE films over the sterile and non sterile soils.
In the case of the OM 8.4% sterile soil, the CI increased more rapidly just before reaching
embrittlement than over OM 8.4% soil, for the under side of the film. For OM 4.4% and OM
3.9%, the rates of oxidation were rather similar between sterile and non sterile soil.
The small difference could be due to the fact that once the soil was autoclaved, during the
sterilisation process, there was a possible alteration to the soil’s physical and chemical structure,
leading to changes in soil properties. The autoclave process would favour the decomposition of
dead micro-organisms. Berns et al. [2008] demonstrated that the autoclave of soil increases the
amount of dissolved organic matter, compared to the untreated soil. They also reported that
the autoclave process breaks soil aggregates to some extent. They suspected that autoclaving
would release some of the organic carbon which is physically trapped between particles, as well
as detaching organic carbon from particle surfaces.
Overall no major difference was observed in terms of time to emrbittlement and oxidation
rate as measured by CI, between non-sterile and sterile soil. This is probably due to the fact
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Table 4.9: Time to embrittle for the TiO2 and CoSt films over the different substrates in the controlled
accelerated ageing device Qsun
Substrates
Sterilisation Time to embrittlement (Days)
treatment TiO2 CoSt
Air - 16 ± 1.5 10.5± 0.7
Water - 9 ± 0.5 7.5±0.7
OM 8.4 %
non-sterile 8 ± 0.5 5±0.5
sterile 8 ± 0.5 4±0.5
OM 4.4 %
non-sterile 9 ± 0.5 5±1.5
sterile 9 ± 1.5 5±0.5
OM 3.9 %
non-sterile 8 ± 0.5 6±0.5
sterile 10±0.5 5.5±0.7
that soils were watered after every 2 day/night QSun cycles. The effect of sterilisation would
be masked by the effect of the water on the film degradation, as water does accelerate the film
oxidation degradation as reported in Section 4.3.
Ageing of oxo-degradable films
In the case of the oxo-degradable films, TiO2 and CoSt, the same trends as for the PE films
were observed. The sterilised soil had a similar effect compared to non sterile soil on the
embrittlement time for both films (Table 4.9), with the difference in embritlement time over
the sterile and non sterile soil being within error. However the TiO2 containing films were
slower to degrade over the OM 3.9% sterile soil by 2 days when compared to the non sterile
soil. In relation to the CI growth, no major difference were observed over ageing time for
TiO2 containing films (Figure 4.16). When the film was aged over the sterile soil, the rate of
CI increase was the same as over the non-sterile soil. This was observed for both the upper
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Figure 4.16: CI for a) the upper side and b) the underside of TiO2 film during accelerating ageing over
OM 8.4%, OM 4.4% and OM 3.9% soils non sterilised and sterilised.
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Figure 4.17: CI for a) the upper side and b) the underside of CoSt film during accelerating ageing over
OM 8.4%, OM 4.4% and OM 3.9% soils non sterilised and sterilised.
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side and underside of the film, except for the OM 3.9 % soil. In the case of that sterile soil, the
CI on the underside was slower to increase than over the non-sterile OM 3.9% soil.
This was more obvious for the CoSt films, where the CI increased much faster over the OM
3.9% sterile soil than over the non-sterile soil, and was measurable for both sides of the film
(Figure 4.17).
4.4.3 Conclusions
This study showed that soil sterilisation by autoclave did not seem to have a major impact
on film degradation rate. Therefore, micro-organisms present in the soil seemed to have no
impact on the film photo-oxidation. Only in the case of OM 3.9% sterile soil, the rate of CI
increase was slightly faster compared to the OM 3.9% non sterile soil. This was observed for
both the PE control film and the oxo-degradable films. This could be due to the autoclaving
at 121°C which might have modified the soil properties. The effect of sterilisation is probably
underestimated due to the predominant water effect, as soils were watered every second QSun
cycle.
4.5 Summary
These accelerated ageing studies have confirmed the outdoor weathering finding that the soil
type had an influence on the oxidation rate of both non degradable and oxo-degradable PE
films.
Soil: The ageing of control PE film as well as oxo-degradable films showed that temperature
and UV are not the only parameters controlling the photo-degradation rate. It was demon-
strated that the soil type had significant influence, underlying that components within the soil
may be influencing the rate of degradation under accelerated weathering conditions. For all
films, a faster oxidation rate was observed when laid over the soil with the highest OM content
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of 8.4%. Overall, an increase in oxidation rate was observed with an increase of OM content in
soil. This was in agreement with the natural ageing results presented in Chapter 3.
Water: The accelerated weathering ageing demonstrated that water has a significant impact
on the rate of PE photo-oxidation. The effect of water was the most noticeable for soil with
the lowest OM content of 3.9%. When this soil was watered, there was no inhibition of the
photo-oxidation of films compared to when the soil was not watered. This was translated in
both the time to reach embrittlement and the CI growth rate. This was also observed in the
case of PE film aged over the OM 8.4% watered soil, where the film embrittlement time was
decreased by 5 days compared to the non watered soil.
Micro-organisms: The micro-organisms present in the soil seem to have no effect on the
photo-degradation rate of PE films. The sterilisation process may be modifying the soil prop-
erties slightly, which could be translated in to an increase in reactive agents. Nevertheless, the
effect of sterilisation on the soils ability to photo degrade PE film is possibly confounded by
the water effect on film degradation.

CHAPTER 5
Effect of humic substances on photo-oxidation of
PE films
5.1 Introduction
One of the key components of soil is the organic matter (OM), even though it represents
only 5% by volume. The soil OM is composed of different humic substances (HS) [Pettit,
2004]. The composition of HS depends on their origins, as they are the result of degradation
and transformations of animal and plant residues [Stevenson, 1995]. HS can be divided into
3 categories: fulvic acids (FAs), humic acids (HAs) and humin [Hayes, 1983, Swift, 1989,
Stevenson, 1995, Swift, 1996, Pettit, 2004]. The categories differ in their chemical structure,
such as type of functional groups. For example, HA contains functional groups such as phenolic
and carboxylic acid groups, which contribute to surface charge exchange and reactivity. HS
can therefore react with metal ions, oxides, hydroxides, mineral and organic compounds [Albers
et al., 2008, Terbouche et al., 2011, Trevisan et al., 2010].
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The first aim of this chapter is to evaluate the contribution of active components within the
soil, such as humic and fulvic acids, on the photo-oxidative degradation of PE films. This was
achieved by ageing both control PE film and oxo-degradable film over commercial HA and FA
under well controlled accelerated weathering conditions. The second aim of this chapter is to
characterise the different soils properties as well as the extracted humic and fulvic acids from
those specific soils. The various techniques used to analyse the HS extracted from soils provide
information about their chemical composition and structure, leading to a better understanding
of their putative role in the photo-oxidation of PE film.
5.2 Effect of Humic substances on photo-degradation of
PE films
5.2.1 Experimental Procedure
Material and Processing
For this study the same range of films as used in Section 3.4 was studied: a control film without
any pro-degradant, as well as three films containing pro-degradants (TiO2, FeSt and CoSt). All
the films were laboratory blown as described in Section 3.3.1.
Humic acid (HA) granulate and fulvic acid (FA) powder were purchased from Omnia Spe-
cialities Australia. The HA was derived from plant material that had formed natural deposits
of Australian Leonardite in the Victorian Gippsland region in Australia. The FA was extracted
from naturally aged humus and concentrated into a completely water soluble dry powder, with
the end product containing 70% FA, with some HA and potassium.
Accelerated laboratory ageing
The same ageing device (QSun) was used to age the four different films over the different
substrates, using the same cycles as described in Section 4.2.1.
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Before being placed in accelerated ageing experiments, each sample of HA and FA was
prepared by mixing with Milli-Q water to reach a moisture content of 30% w/w. The samples
were then placed into separate glass petri dishes of 2 cm depth. Each film formulation was
tested in duplicate by placing the film over the humic susbtances with the edges secured by
a rubber band. It was reported in Section 4.2.2 that WHC had an potential effect on PE
photo-degradation, here it was not possible to measure the WHC of HSs due to the low amount
available.
Controls of each film formulation were included in the experimental suite, where each for-
mulation was laid over an empty petri dish (air) as well as over a petri dish containing Milli-Q
water (water), where the Milli-Q water was refreshed after each cycle.
Temperature under the film during the accelerated laboratory ageing was recorded as de-
scribed in Section 4.2.1.
Films assessement
The films were assessed for embrittlement time, as well as degree of oxidation after each QSun
cycle, following the same method as described in Section 4.2.1. In the case of TiO2 containing
film, whitening of the film was measured over time by UV-Vis, as described in Section 4.2.1. The
statistical analysis for multiple comparisons was performed using one-way analysis of variance
(one way ANOVA), using Minitab software, as described in Section 4.2.1.
5.2.2 Results and discussion
Ageing of PE control film
Accelerated ageing trials evaluating the photo-oxidation of PE control film over commercial HA
and FA were performed. The PE control film laid over HA embrittled approximately 10 days
earlier (23.5 days) compared to FA (34 days), suggesting that the evaluated commercial grade
of HA was more active than FA (Figure 5.1).
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Figure 5.1: Grey bars represent time to embrittlement (days) for PE control film when exposed to different
substrates (SD n=2 for each formulation),  represents temperature (°C) under the film when exposed to
accelerated laboratory conditions (Q-Sun).
The carbonyl production profiles over ageing time are presented in Figure 5.2. The CI
production rate was found to be dependant on the substrate as well as on the side exposed.
The PE control film aged over HA showed a greater extent of oxidation compared to FA. In
particular, the underside of film laid over HA showed a considerably greater extent of oxidation
compared with the upper side, which was also greater than over the other three substrates. A
comparison of the PE control film laid over water with the control PE film laid over HA showed
that HA had an additional contribution to that of water alone.
When film was aged over FA, a higher extent of oxidation on the upper side of the film
was observed compared to the underside. Nevertheless the film was more oxidized compared to
the PE control film aged over air after 25 days, but less oxidised than over water alone. Film
degradation over FA was slower than over water, based on the CI production rate, which may
have been due to some inhibitory effect of FA. However, the effect of atmospheric and surface
water in this system is not well understood and may also be playing a role.
It has been reported in the literature that FA and HA are reactive under photo-oxidative
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Figure 5.2: Evolution of the CI for the upper side a) and underside b) of PE film during accelerating ageing
over the different substrates, in the QSun.
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conditions [Aguer et al., 1997, Tchaikovskaya et al., 2005, Page et al., 2012, Sharpless et al.,
2014, Clark et al., 2014].
Humic susbtances present in dissolved organic matter can have a dual role of either acting as
a photo-sensitiser[Minero et al., 1992, Ou et al., 2007, Garbin et al., 2007] or as an inhibitor [Selli
et al., 1999, Tchaikovskaya et al., 2005]. By generating reactive oxygen species (ROS), such
as hydroxyl radical (OH), singlet oxygen (1O2), superoxide radical (O
−
2 /HO2), hydrogen
peroxide (H2O2), hydrated electron (eaq
-) and peroxy radical (ROO), HS acts as a photo-
sentisizer, (Equation 5.1).
OM(HA,FA)
hν−→ OH•+ 1O2 +ROS (5.1)
Those ROS are capable of degrading chemicals [Vannoort et al., 1988, Scoponi et al., 2000,
Sakkas et al., 2002, Chiellini et al., 2006, Amine-Khodja et al., 2006, Zhan et al., 2006, Coelho
et al., 2011, Carlos et al., 2012]. OH are the dominating ROS contributors to the dissipation
of organic polluants as well as the triplet exciting state of dissolved organic matter (DOM)
[Song et al., 2012, Liang et al., 2015, Ren et al., 2017]. The photo-reactivity of OM is related
to its O/C ratio: the higher it is the more active it is [Ren et al., 2017]. Singlet oxygen plays
a role in the photo-oxidation of polymers via the formation of a hydroperoxide following initial
oxidation of an olefin containing an allylic hydrogen, which could further decompose and lead
to chain scission and formation of a terminal of carbonyl groups [Yousif and Haddad, 2013,
Kaplan and Kelleher, 1971].
The photo-chemical production of hydrogen peroxide produced by HA and FA has been
reported previously [Aguer et al., 1997, Page et al., 2012, Sharpless et al., 2014]. In some
cases, the production rate was significantly higher from HA when compared to FA [Clark et al.,
2014]. This may result in acceleration of the rate of PE photo-oxidation through photolysis of
peroxide into hydroxyl radicals [Litter, 1999] and subsequent abstraction of a proton from the
PE backbone followed by the auto-oxidation mechanism previously discussed [Ohtani et al.,
1992].
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Figure 5.3: Organic matter contribution into cascade reactions of the PE oxidation process (adapted from
Billingham et al. [2003], Gijsman [2011]).
On the other hand OM can also have an inhibitory effect by reducing the oxidized intermedi-
ates of pollutants or scavenging ROS [Canonica and Laubscher, 2008, Aeschbacher et al., 2012,
Wenk et al., 2015]. The antioxidant characteristics of OM are due to the present of organic
moieties such as phenolic groups [Haag, 1988, Wenk et al., 2011, Ekrem-Karpuzcu et al., 2016,
Ren et al., 2017]. Those functional groups are able to quench reactive oxidants. Overall, the
thorough survey of the literature showed that the photochemistry of HS is complex and diverse.
This is at least in part because the structure and properties of HS can be variable and differ in
polarity and aromaticity, which would then result in different photo-activities [Yu et al., 2008].
In terms of PE photo-degradation, Celina et al. [2006] discussed the potential for hydroper-
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oxides, peroxides and other reactive oxygen containing species, formed during the polymer auto-
oxidation process, to initiate and accelerate polymer oxidation via the gas phase, resulting in
infectious spreading within and between polymers. Under UV exposure, the CI production rate
was observed to be dependent on the type of humic substance present, suggesting that OM may
be able to generate species that could participate in the PE oxidation reaction. These volatile
species in direct contact with the film could then act as infectious species and participate in
the PE cascade degradation as described in Figure 5.3.
The oxidation mechanism of polyolefins involves the formation of a polymer radical P,
which will lead to the formation of a peroxy radical PO2 in presence of oxygen. The overall
limiting factor of the film oxidation rate in Figure 5.3 is the decomposition of hydroperoxide.
The introduction of more ROS from photo-oxidized OM or HA could be expected to enhance
the polymer oxidation. While FA was inhibiting film photo-degradation, possibly due to its
scavenging properties.
Oxo-degradable Films
Ageing of TiO2 containing film The accelerated ageing of PE film containing TiO2 as a
pro-degradant was also evaluated over the same HSs as used in the PE control film experiments.
The TiO2 films were faster to degrade compared to PE control film, with the film reaching
embrittlement within 4 to 7 days, as mentioned in Section 4.2.2.
TiO2 containing film degraded fastest over water and HA, reaching embrittlement in 4 days
(Figure 5.4). When the film was aged over FA, it was slower to degrade than water by 1 day,
but faster than over air by 2 days.
The evolution of CI over time was measured for both sides of the TiO2 containing film
(Figure 5.5). For all substrates, a higher CI was measured for the underside of the film compared
to the upper side, exceeding 0.2 at embrittlement, even reaching 0.3 when TiO2 was aged
over HA. In contrast, for the upper side, CI values did not exceed 0.1, which was consistent
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Figure 5.4: Time to embrittlement for TiO2 containing film when exposed under accelerated laboratory
conditions over different substrates (SD n=2 for each formulation).
with the finding of Section 4.2. For the side directly exposed to the substrate (underside),
some additional oxidation was likely occurring, either due to the presence of substrates or by
additional light reflection from condensed water. Alternatively, the upper side may be losing
volatile oxidative products.
One feature of TiO2 containing films is that they whiten when exposed to UV radiation,
due to hole formation. The film opacity was assessed by measuring the attenuation of the
light transmittance at 585 nm after 1 day of ageing, which is presented in Table 5.1. As
shown, a rapid and strong decrease in transmittance for the film containing TiO2 was observed
under all conditions. The largest decrease occurred when the film was aged over HA, with the
Table 5.1: Percentage of transmittance at 585 nm for TiO2 containing films over different substrates (initial
transmittance before ageing @ 585=85%).
Substrates Air Water FA HA
Transmittance @ 585 nm
26 ± 5 17 ± 4 19 ± 6 10 ± 2
after 1 Day (%)
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Figure 5.5: Evolution of the CI for the upper side (a) and underside (b) of TiO2 film during accelerating
ageing over the different substrates, in the QSun.
5.2 Effect of Humic substances on photo-degradation of PE films 133
Figure 5.6: Time to embrittlement for FeSt (a) and Cost (b) films when exposed under accelerated labo-
ratory conditions (Q-Sun) over the different substrates (SD n=2 for each formulation).
light transmittance decreasing from 85% to 10%, while it reached around 20% for the other 3
substrates. Those UV-Vis results were in agreement with the CI and time to embrittlement
data, where the photo-oxidation of TiO2 films was accelerated in the presence of HA, and slowed
down by FA, when compared to water.
Ageing of FeSt and CoSt containing film Figure 5.6 summarises the time to embrittle-
ment for both FeSt and CoSt containing films. Here again, the results suggest that the rate of
degradation was affected by the type of humic substances as well as by the presence of water.
FeSt films embrittled 3 days earlier over HA when compared to FA (p value <0.05).
The CoSt films reached embrittlement 1.5 to 2 time faster than FeSt films, CoSt being
a stronger pro-degradant than FeSt under these conditions. CoSt containing films reached
embrittlement the fastest when the films were aged over HA (4 days), which was 2 times faster
than over air (8 days). When film was aged over FA it reach embrittlement within 6 days,
which was about the same time as over water (5.5 days).
The evolution of CI during photo-oxidation for both FeSt and CoSt films, for each side of
the film, was followed during the experiment (Figure 5.7).
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For FeSt containing films, a faster increase in the CI was observed when the film was aged
over HA compared with over the 3 other substrates. The photo-oxidation rate of FeSt film, as
measured by evolution of CI, demonstrated that FA had the same effect as water, with a similar
CI profile. For CoSt containing film, the CI increase was again the fastest over HA, showing a
faster rate of oxidation compared to the 3 other substrates. Interestingly, when film was laid
over FA, on the upper side, the oxidation rate was similar to over water, while on the underside
it was slower to oxidise than over air. This confirms the observed inhibiting behaviour of FA
on photo-degradation of the film underside.
For FeSt and CoSt containing film, the rate of CI production was dependent on the type of
HS. These results confirmed the trends already noted with the PE control film, where the rate
of carbonyl production was affected by the type of substrates.
5.2.3 Conclusion
From these accelerated ageing experiments, it was found that humic substances can play a
significant role in the photo-oxidation rate of polyethylene films. The commercial humic acids
used in this study had an accelerating effect on the photo-degradation rate of PE film, compared
to water, and also compared to FA. Dissolved organic matter (DOM) is mainly composed of
soluble humic substances. Through the water condensation process, as humic acids and fulvic
acids from soil are soluble in water they can be in direct contact with the film. In natural water
HA and FA absorb sunlight [Zhang et al., 2015, Wang et al., 2015, Ren et al., 2017]. It has
been reported in the literature that DOM can have a dual role acting as photo-sensitiser or
an inhibitor [Canonica et al., 1995, Canonica and Laubscher, 2008, Janssen et al., 2014, Liang
et al., 2015, Brame et al., 2015, Sempere et al., 2015, Ekrem-Karpuzcu et al., 2016, Ren et al.,
2017].
As observed in Chapter 3 the photo-degradation of PE films at different sites was not only
dependant on UV and temperature but also on a soil/site factor. This factor was apparently
linked to the OM content of the soil, as underligned in Chapter 4. Thus, the characterisation of
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the commercially available HS from Omnia, as well as the humic substances from soils used in
previous study, would be indicative of their properties, especially their photo-reactivity, either
promoting or inhibiting, which might underline their role in photo degradation of PE films.
5.3 Characterisation of soil and their extracted humic
substances
The characterisation of the soil and its associated HSs was undertaken in order to understand
their possible interaction with the photo-degradation mechanisms of PE films. The objects of
our study were focusing on three soils collected at the following key sites:
• Forthside: krasnozem ferrosol soil, OM 7.8%
• Pinjarra: coarse sandy clay loam soil, OM 6.8% and
• Thornlands: light clay soil, OM 5.5%,
and the humic acids and fulvic acids extracted from those different soils, in addition to the
commercially available samples from Omnia.
5.3.1 Material and Method
Soils were collected from each site at a depth of 10 cm, and were sieved through a 2 mm mesh
screen to remove gravels and large plant materials.
Humic substances extraction
The humic substances (humic acids, fulvic acids) were extracted according to the IHSS protocol
adapted by Baglieri et al. [2007]. HS extraction was carried out on 400 g of soil suspended in
a 1.6 L of 0.5 M NaOH and 0.1 M Na4P2O7 solution (NaOH + NaPP). The suspension was
de-aerated with N2, under stirring overnight. The suspension was then centrifuged at 1500 g
for 30 min. The supernatant was collected and the solid residue was extracted 3 more times
as described above. All the HS were then filtered using Whatman GF/C filters. The solution
5.3 Characterisation of soil and their extracted HSs 137
was immediately acidified with 6M HCl to pH<1 and left to stand overnight, before being cen-
trifuged at 1500 g for 30 min. The liquid phase which contained the FA was collected in a glass
bottle. The precipitate which contained the HA was re-suspended in 400 mL NaOH+NaPP,
de-aerated with N2 and shaken overnight. After centrifugation (1500 g, 30 min), the liquid
phase was acidified with 6 M HCl to pH=1, left to stand overnight and re-centrifuged. The
precipitate HA was washed twice with distilled water, followed by dialysis against distilled wa-
ter until dialysis water gave a negative Cl test with silver nitrate (AgNO3). The solution was
then freeze dried, and a black powder was harvested.
The overall FA solution was purified using a non polar resin XAD-8 column (0.15 mL of
resin per gram of initial sample dry weight at a flow rate of 15 bed volumes per hour). The
eﬄuent was discarded, and the XAD-8 column containing sorbed FA was rinsed twice with
0.65 column volumes of distilled water. The column was back eluted with 1 column volume of
0.1 M NaOH, followed by 2-3 column volumes of distilled water. The eluate was then passed
through H+− saturated cation exchange resin [Bio-Rad AG-MP-5 (Bio-Rad, Richmond, CA)
using three times the mole of Na ions in solution]. The eluate was freeze dried to recover the
H+− saturated FA.
The humic substances extracted from the 3 different soils were labelled as follow:
• HA F and FA F: extracted from the Forthside soil,
• HA P and FA P: extracted from the Pinjarra soil, and
• HA T and FA T: extracted from the Thornlands soil.
The same commercial humic acid granulate (HA O) and fulvic acid powder (FA O) used in
Section 5.2.1 were also analysed.
Characterisation
All the extracted and commercially available HS were characterised for the composition and
functionality by using the different techniques described below.
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Soil Characterisation Each soil was subjected to extensive characterisation following the
complete soil balance analysis performed by a commercial laboratory, SWEP, in Victoria. The
detailed analysis is provided in Appendix A.
Elemental analysis Elemental analysis was performed on both dried soils and on freeze-dried
samples of humic substances (0.4–1 mg). Elemental analysis (C, H, N, O) was undertaken in
triplicate using a FLASH 2000 CHNS/O analyzer from Thermo Fisher Scientific, heated at
1020°C. Oxygen content was only measured for the humic substances (HA and FA) using the
same equipment by heating at 1060°C. Reported values are in mass percentage.
Nutrient analysis by flow injection analyser (FIA) The nutrients ammonia (sum of am-
monia and ammonium), phosphate, nitrite and NOx-N the amount of nitrogen oxide-nitrogen
(sum of nitrate and nitrite) were analysed on a Lachat QuikChem8500 Flow Injection Analyser.
The total nitrogen concentration is equal to the sum of NO3-N; NO2-N, NH3-N and organically
bonded nitrogen, where the concentrations are in ppm. Prior to analysis, all soils and humic
acids samples were solubilised in Milli-Q water.This analysis was carried out on samples stored
in the dark at room temperature for several months. The different amount of nutrient were
measured as follows:
Ammonia: Ammonia reacts in alkaline solution with hypochlorite to form monochloramine
which, in the presence of phenol, catalytic amounts of nitroprusside and excess hypochlorite,
gives indophenol blue. The indophenol blue measured at 630 nm is proportional to the original
ammonia concentration.
Nitrite: Nitrite is determined by diazotization with sulfanilamide under acidic conditions to
from a diazonium ion. The resulting diazonium ion is coupled with N-(1-naphthyl)ethylenediamine
dihydrochloride. The resulting pink dye absorbs at 520 nm.
Nitrate: Nitrate is quantitatively reduced to nitrite by passage of the sample through a
copperized cadmium column. Nitrate concentrations are obtained by subtracting nitrite values,
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which have been previously analysed, from the NOx (Sum of nitrite and nitrate) values.
Phosphate: Orthophosphate ion reacts with ammonium molybdate and antimony potas-
sium tartrate under acidic conditions to form a blue complex which absorbs light at 880nm.
The absorbance is proportional to the concentration of orthophosphate in the sample.
Fourier Transform Infrared - Attenuated Total Reflectance (FTIR-ATR) Spec-
troscopy FTIR-ATR spectroscopy was used to determine functional groups of the differ-
ent HSs dry powder. Spectra were collected using a Nicolet 5700 Nexus FTIR spectrometer
equipped with a Smart Endurance single bounce diamond-window ATR. Spectra were collected
using OMNIC (Thermo-Nicolet, Madison, WI) software, in the spectral range 4000 to 525 cm−1.
Ultraviolet–visible spectroscopy (UV-Vis) In order to extract dissolved organic matter,
soils samples were prepared as followed: 10 g of soil was mixed with 50 mL of distilled water,
shaken at room temperature for 2 days, then centrifuged at 1100 rev/min for 20 min. The
supernatant was filtered using a MilliexCP membrane (0.22 µm).
Prior to analysis, 4 mg of freeze dried humic substance was dissolved in 50 mL of 0.025
mol/L NaHCO3, and shaken for 2 days before filtration with a MilliexCP membrane (0.22 µm).
Absorbance spectra were collected in a 1 cm quartz cuvette on a UV-VIS Cary spectrometer.
Spectra were recorded over the 200-800 nm range.
From the UV-Vis absorption spectra, some information on DOM can be obtained, such
as changes in molecular weight (by measuring the ratio of absorption at 255 nm to 365 nm
(E2/E3)) [Enev et al., 2014, Ekrem-Karpuzcu et al., 2016, De Haan and De Boer, 1987], while
the ratio E4/E6 (the ratio of absorption at 465 to 665 nm) is related to its degree of aromaticity
[Summers et al., 1987]. In the case of natural water the ratio 254 nm to 280 nm is a better
indicator, as the absorption at 665 nm is not measurable. The absorbance at 280 was recorded
as A280. The specific UV absorbance parameter SUV254 was calculated as the ratio of the
UV absorbance at 254 nm to total organic carbon (TOC). The dimensionless parameter called
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Table 5.2: Headspace analysis instrument operating conditions
Equipment Details
GC method
Instrument type: Thermo Trace1310 - SSL injector with HS/SPME liner
Analytical column: Phenomenex Zb-624 30mx0.25x1.4um
Autosampler : Thermo Triplus RSH autosampler, HS mode
MS method
Instrument type: Thermo TSQ 8000 EVO
MS transfert line temperature: 210
Ion source temperature: 215
Full scan mass range: 35 -500 amu
“slope ratio” (SR) defined by Helms et al. [2008] was calculated as the ratio of the slope of the
shorter wavelength region (275–295 nm) to that of the longer wavelength region (350–400 nm)
is an indication of molecular weight (Mw).
Head-space analysis The investigation of volatile organic compounds in soil was achieved
by gas chromatography (GC) with the equipment Thermo Trace 1310, using a split/splitless
(SSL) injector with HS/SPME liner. The instrument parameters are described in Table 5.2.
In the case of soils, 3 g of soil with 2 mL of Milli-Q water were placed in a 20 mL vial, prior
to analysis. As the harvesting of HS from soil lead to a very low amount of extract (1-3 g),
only 1.5 mg of HS was analysed, with 2 mL of Milli-Q water, using a 15 mL vial.
Volatile components extracted from soils and humic susbtances were identified by comparing
the obtained mass spectra of the analytes with those of authentic standards from the National
Institute of Standards and Technology (NIST). Peak areas of all components were calculated
by Xcalibur 2.0, and relative amounts (RAs) of volatile compounds were calculated on the basis
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of peak area ratios.
Solide-state CP-MAS 13C NMR spectrocopy Nuclear magnetic resonance spectroscopy
was done on a Varian spectrometer operating at 400 MHz for 1H (100.53 MHz for 13C). The
acquisition parameters of the Varian (model: Direct Drive; Varian Inc, CA, USA) spectrometer
were as follow: probe: 5 mm CPMAS, with a silicon nitride rotor spinning at 5 kHz and room
temperature, 13C spectra were measured by recording 744 data points in an acquisition time of
0.025 sec over a spectral width of 28 kHz using the tancpx pulse sequence. Data were acquired
until satisfactory signal-to-noise was obtained, at least 10k scans with a relaxation delay of 2
sec. The pulse sequence utilised the following parameters: 13C 90° pulse width, 5 µs; decoupler
pulse width 4.25 µs; contact time of 200 ms and a linear ramp between 2000 and 2100 Hz.
Hydroxyl radical formation: Different HAs extracted from soil were solubilised as followed:
700-800 mg/L in water at a pH 7. Phosphate buffer was use to adjust the pH to 7. The OH
radical concentrations were determined as described by Coelho et al. [2011]. Terephtalic acid
(TA) was used as probe to trap OH, as TA reacts with OH to yield 2-hydroxyterephthalic
acid (TA-OH), as described in Figure 5.8. The single product (TAOH) is highly fluorescent,
making the measurement very sensitive [Page et al., 2010]. In this study, in order to measure
OH production a terephthalic acid solution at 3.10−4 M (pH 7) was used as a chemical probe,
while a reference solution at 2.10−5 M of TA-OH was used.
All the HA solutions were irradiated in a Suntest (irradiance of 500 W/m2, wavelenght >
Figure 5.8: Reaction between TA and OH to form TA-OH.
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Table 5.3: Soils characterisation from SWEP and elemental analysis.
Soils pH*
Total Organic Total Organic Nitrate* C H N
H/C N/C
Matter* (%) Carbon* (%) (ppm) (mass %) (mass %) (mass %)
Forthside 6.1 7.76 3.88 59.7 4.08±0.19 1.63±0.13 0.29±0.01 4.78 16.33
Pinjarra 7.5 6.81 3.41 46.2 3.62±0.67 0.52±0.15 Not detected 1.77 -
Thornlands 5.8 5.55 2.78 3.7 2.68±0.22 0.54±0.05 Not detected 2.41 -
* results from SWEP Laboratory,
290 nm) for different times: 1 hour, 1 h 30 min, and then in the dark for 24 hours (to test
the production of OH once activated by the light). Measurement of TA-OH product for each
solution was done by HPLC-fluorescence, and the area of the peak between 330 nm to 430 nm
for each solution was recorded. The peak area at 330 nm to 430 nm is an indicator of the OH
production. HPLC analyses were performed on a Waters Empower apparatus equipped with a
Waters 2487 UV detector and a Waters 2475 fluorescence detector.
Scanning Electron microscopy (SEM) The granular structure of the humic substances
was observed by scanning electronic microscope. Prior to analysis by SEM, dry samples were
mounted on carbon coated stud followed by an irridium coating to about 10 nm thickness.
5.3.2 Results
Soils characterisation
Soils parameter and Element analysis Soil characterisation results are presented in Table
5.3. Pinjarra soil has a neutral pH of 7.5, while the two other soils are more acidic, with a pH
of 6.1 for Forthside soil, and 5.8 for Thornlands soil.
In terms of the soil composition, the soil from Forthside, has the highest concentration of
organic matter, resulting in a higher content of organic C. The H/C ratio obtained for each
soil, indicated that the Forth soil was composed of the most saturated organic compounds, as
it had the higher ratio; while the Pinjarra soil was the least saturated.
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The presence of nitrogen in the Forthside soil was probably due to previous agricultural
practice, as this soil was collected from a farmed area. The Pinjarra and Thornlands soils
came from a non cultivated area, hence no nitrogen was detected. In Forthside soil, SWEP
analysis detected the larger amount of nitrate to about 60 ppm, while for the Thornlands soil
the content of nitrate was the lower about 4 ppm. Nitrogen exists in soils and humic substances
in many forms and changes very easily from one form to another [Lamb et al., 2014]. Schulten
and Schnitzer [1997] reported that soil organic matter, especially humic substances, are sources
of nitrogen for plants and micro-organisms; almost 95% of total soil N is closely associated
to soil OM. Where Schulten and Schnitzer [1997] identified the total soil N as followed: 40%
proteinaceous materials (proteins, peptides, and amino acids); 35% heterocyclic N compounds;
19% NH3 and 5-6% of amino sugars. Nevertheless, some sources of N remained unidentified
and poorly understood. Further research is needed in order to determine the presence of N-
containing compounds in the soil or humic substance in the form in which they were identified
or whether they originate from more complex structures.
Nutrient analysis by FIA In order to measure the soils nutrient by FIA, it was necessary
to solubilise the soil in Milli-Q water. It is worth noting that this analysis was perform on
samples stored for several months in the laboratory at room temperature. Changes in soil
may have occured during this storage period, that might be reflected in differences observed
between other soil characterisation techniques, as well as difference in samples preparation.
Table 5.4: Soils nutrients measured by FIA.
Soils
Nutrients (ppm)
Nitrite NOx-N Ammonium Phosphate
Forthside Not detected 0.69±0.04 0.06±0.01 0.01±0.01
Pinjarra Not detected 0.68±0.36 0.20±0.19 0.14±0.12
Thornlands Not detected 0.07±0.02 0.52±0.01 0.34±0.03
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This underlines the complexity of the soil system which is a living entity that evolves over
time.
Nevertheless, comparison between soil nutrients was reasonable within this analysis. Nitrite
was not detected in any soils, as reported in Table 5.4, usually the level of nitrite in soil is low.
Nitrite is an intermediary compound formed during nitrification or de-nitrification [Van Cleem-
put and Samater, 1995]. It can undergo transformations to gaseous nitrogen compounds such
as NO and NO2, hence its non detected level in the soil stored in the laboratory. The Forth-
side had the highest amount of Nox-N, with the lowest ammonium concentration, with a very
poor content of phosphate. This suggested that the nitrogen of this soil was mainly in the
form of nitrate. The Pinjarra soil, had a high content of Nox-N, similar to the Forthside soil,
with nitrogen present in the form of ammonium. Interestingly, Thornlands had the highest
amount of ammonium and phosphate, compared to the other soils, while its Nox-N level was
low. This would suggest that the nitrogen in this soil was mainly in the form of ammonium,
hence there is a low content of nitrite and nitrate. Since it is these species that are involved in
the photo-chemistry, the overall activity would be lower compared to other soils.
UV-Vis spectroscopy The composition and structure of dissolved organic matter (DOM)
from the different soils were evaluated by UV-Visible spectroscopy. As commonly observed in
the literature, all the UV-Vis absorbance spectra of the 3 soils samples increased with decreased
wavelength (Figure 5.9) [Bi et al., 2013, Kiss et al., 2014, Gao et al., 2016]. Some shoulder peaks
in the region of 250-300 nm were observable, which might be attributed to phenolic, aromatic
groups or unsaturated compounds (conjugation of quinone and ketones) [Klavins et al., 2013,
Purmalis, 2013, Gao et al., 2016, Ekrem-Karpuzcu et al., 2016]. Based on the literature, there
was no agreement on which spectral parameter is the best to characterise DOM.
UV spectral parameters and absorbance ratios are presented in Table 5.5. The UV absorp-
tivity at 280 nm is an indicator of total aromaticity, since phenolic arenes, benzoic acids and
polycyclic aromatic hydrocarbons electron transition occur in the 270-280 nm UV region [Chin
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Figure 5.9: UV-Vis spectra of DOM from the 3 soils: Forthside, Pinjarra and Thornlands.
Table 5.5: UV-Vis characterisation of dissolved organic matter from soils.
Soils SUV254 A280 E2/E3 E4/E6 SR
Forthside 0.08±0.01 0.24±0.01 4.48±0.04 27±13 3.48±0.02
Pinjarra 0.33±0.01 0.78±0.01 1.01±0.01 55±12 2.86±0.01
Thornlands 0.84±0.01 1.79±0.04 3.98±0.02 9±1 2.34±0.02
et al., 1994, Purmalis, 2013]. Thornlands DOM had the highest SUV254 and A280, thus this
soil had a greater amount of aromatic structures compared to the 2 other soils, this soil was
showing an inhibiting effect on PE photo-degradation. Forthside DOM had the least absorption
in this aromatic region. It was notable that this soil delivered the fastest degradation of PE
films (Chapter 4).
A low E4/E6 ratio reflects a high degree of condensation of aromatic carbons in the case of
Thornlands soil. Pinjarra and Forthside soils had high E4/E6 ratios, suggesting a large quantity
of aliphatic structures. The E4/E6 ratio is also inversely related to the molecular weight. The
Thornlands DOM would likely have the highest molecular weight compared to the 2 other soils.
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However, in the literature there is some controversy as to how E4/E6 ratios are correlated to
molecular weight, as E4/E6 ratio was reported to be positively as well as negatively correlated
to molecular weight. This was attributed to large error in making reliable measurement at these
longer wavelengths [Chin et al., 1994]. In the literature, the E4/E6 ratios would vary between
4 to 20 [Helms et al., 2008, Purmalis, 2013], while here the values for Forthside and Pinjarra
were over 20, suggesting that this might not be the best indicator of aromaticity for these soils.
In various studies [Helms et al., 2008, Ekrem-Karpuzcu et al., 2016], absorption at 254 nm
or 280 nm and the E2/E3 ratio were used as better indicator of aromaticity than E4/E6. Since
the absorbance at 665 nm values were often very low or not measurable, which would lead to an
increase in the measurement error. The E2/E3 ratio was reported to be inversely correlated to
aromaticity and molecular weight [Peuravuori and Pihlaja, 1997, Helms et al., 2008, Purmalis,
2013, Strack et al., 2015, Ekrem-Karpuzcu et al., 2016], with values ranging between 4-14, while
our soils values were lower (between 1 and 4.5). Those differences originate from the nature of
the different DOM, and would suggest a higher degree of aromaticity in the soils studied here.
As discussed in the literature, there is no rule for which ratio best characterizes the DOM.
Recent work from Dalrymple et al. [2010] showned that the E2/E3 ratio also gives some informa-
tion about charge transfer of DOM excited states (DOM3∗). They investigated the correlation
between the quantum yields of 1O2 and H2O2 produced by the DOM and E2/E3 ratio. They
found that the ability of DOM to form charge transfer (CT) excited states, as indicated by
the E2/E3 ratio, correlates negatively with 1O2 yields and positively with H2O2 yields. This
leads to the fact that the photo-sensitisation efficiency increases as the DOM molecular weight
decreases [Dalrymple et al., 2010]. A low E2/E3 ratio suggested that DOM photochemistry will
be influenced by CT interactions, while high E2/E3 ratios suggest more reaction via non-CT
pathways. These findings could help understand some aspects of DOM photochemistry. From
the E2/E3 ratios of the different DOMs, the Pinjarra DOM photochemistry was more governed
by the CT interaction compared to the Forthside DOM.
The SR ratio was 1.4 times higher for the Forthside soil compared to the Thornlands soil,
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while the Forthside soil SUV254 was 10 times smaller than Thornlands soil. Ekrem-Karpuzcu
et al. [2016] demonstrated that high Mw and highly aromatic DOM (with higher SUV254 and
lower SR values) generally presented a higher efficiency for inhibition of excited triplet-induced
oxidation. The photo-transformation of contaminants induced by triplet excited state of dis-
solved organic matter 3DOM* will largely vary depending on the DOM type. Ekrem-Karpuzcu
et al. [2016] observed that the more aromatic the DOM, the higher is its efficiency in inhibit-
ing excited triplet-induced oxidation. This was in agreement with previous work established
by Wenk et al. [2011], Guerard et al. [2009]. These findings might shed some light onto the
inhibitory effect of Thornlands soil on the photo-oxidation of PE films.
Head-space analysis The volatile compounds in soils sample were extracted by head-space
solid phase micro-extraction (HS/SPME), followed by desorption and analysis with GC/MS.
The typical total ion chromatograms of the extracts obtained by HS/SPME are shown
in Figure 5.10, indicating the differences in volatiles composition among the different soils.
Overall, a total of 34 compounds was extracted and identified by HS/SPME, as listed in Table
5.6, where the retention time (RT) and relative amount of volatiles compounds in soils are
given.
The volatiles detected in soils comprised some alcohols, ketones, organic acids, and aldehy-
des. The dominant chemical group present in the Forthside soil had a retention time of 12.8
min and were attributed to levomenthol and/or cyclohexanone and/or cyclohexanol. For the
Pinjarra hills soil, the dominant volatile had a RT of 9.1 min and was ascribed to styrene or
similar aromatic compound. This component was also identified in Thornlands soil, but chlo-
roform (trichloromethane) was dominant in the mixture, with a RT of 5.1 min. 2-ethyl hexanol
was also detected in Thornlands soil headspace analysis at a RT of 10.9 min.
Kaczmarek et al. [2003] studied the effect of low molecular weight organic compounds such
as aromatic ketones or chloro-derivatives on PE photo-degradation. They found that the PE
photo-decomposition rate was the highest in the presence of chlorine compared to ketone.
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However, it was also shown that the oxidation that accompanies decomposition was strongly
accelerated by the presence of ketones. This was evidenced by the faster photo formation of
carbonyl groups in the presence of ketones. In our study, PE films were slower to degrade over
Thornlands soil compared to the two other soils. As no acceleration in the ageing of PE film
over the soil with the highest content of chlorine (Thornlands soil) was observed, it seems that
in this case chlorine atoms are not promoting PE decomposition in comparison with the results
from Kaczmarek et al. [2003] study.
The volatiles identification produced from soils had some limitations with respect to iden-
tifying volatiles that might be contributing to PE photo-oxidation. As volatiles measured in
this study were only heat produced, this experiment might not be representative of the field
situation where volatiles are formed under photo-oxidation conditions.
In order to evaluate the volatiles photo-produced by soil, the use of quartz vials would be
more appropriate to allow the soil exposure to UV lamps prior to head-space analysis. This
could be the subject of further study.
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Table 5.6: Volatile compounds of Forthside, Pinjarra and Thornlands soil identified by GC/MS.
N RT
Compound*
Molecular Relative amount (%)c
(min) formula Forthside Pinjarra Thornlands
1 3.3 Acetone C3H6O 16.6 6.7 15.5
2 3.4 Isopropyl Alcohol C3H8O - - 3.5
3 4.1 n-Hexane C6H14 1.5 - -
4 4.8 Silanol, trimethyl- C3H10OSi 2.7 6.0 11.9
5 4.9 2-Butanone C4H8O 2.1 - 1.0
6 5.1 Trichloromethane CCl3H 0.2 2.0 25.1
8 5.8 Butanone &/or Butanedione C5H10O &/or C4H6O2 - - 1.2
9 6.1 1-Butanol C4H10O 0.7 - -
10 7.2 Toluene C7H8 1.8 0.5 2.1
11 7.5 Cyclotrisiloxane, hexamethyl- C6H18O3Si3 - 0.5 1.5
12 7.9 2,2-Dimethyl-3-
hydroxypropionaldehyde
C5H10O2 - - 0.4
13 8.5 n-Butyl ether C8H18O - 2.4 -
14 8.7 p-Xylene C8H10 0.7 1.8 2.4
15 9.1 3-Heptanone C7H14O 0.6 1.5 2.8
16 9.1 Styrene C8H8 - 60.5 5.8
17 9.4 Tricyclo octane, 8-methylene- C9H12 - - 1.0
18 9.6 Cyclotetrasiloxane, octamethyl- C8H24O4Si4 - - 1.2
19 9.9 Benzene, 1-ethyl-2-methyl- C9H12 - 0.4 1.0
20 10.0 Hexanal, 2-ethyl- and/or Myrcene C8H16O and/or C10H16 1.9 1.3 1.3
21 10.4 3-Heptanone, 6-methyl- and/or Ben-
zene
C8H16O and/or C9H12 - - 1.3
22 10.5 Benzaldehyde C7H6O 0.7 0.3 0.8
23 10.6 Octanal C8H16O 0.4 - -
24 10.8 Eucalyptol C10H18O 0.2 0.2 1.1
25 10.9 1-Hexanol, 2-ethyl- C8H18O 7.3 9.2 13.0
26 11.4 1-Octanol C8H18O 0.4 - -
27 11.5 Cyclopentasiloxane, decamethyl- C10H30O5Si5 - 0.3 -
28 11.7 Nonanal C9H18O 0.2 - -
29 11.9 Benzoic acid, methyl ester C8H8O2 0.8 0.5 0.8
30 12.6 Cyclohexene C6H10 8.0 - -
31 12.8 Cyclohexanone and/or Cyclohexanol
and/or Levomenthol
C10H18O and/or
C10H20O
59.4 - -
32 13.1 Naphthalene C10H8 1.0 - -
33 13.9 Cyclohexanol C12H22O2 5.4 - -
34 15.4 2-Propenoic acid C13H20O2 2.0 0.8 0.4
*Identification of volatile compounds was carried out by comparing MS spectrum with those of the authentic,standards in NIST library, c Results obtained by peak-area normalization, RT: retention time.
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Table 5.7: Elemental composition, atomic ratio of the humic substances.
Humic Substances C(%) H(%) O(%) N(%) H/C O/C
HA O 38.2±0.2 4.0±0.1 34.8±0.1 0.5±0.0 1.27 0.68
HA F 51.8±0.1 4.7±0.1 34.5±0.2 3.8±0.1 1.08 0.50
HA P 52.6±0.1 4.7±0.1 36.2±1.2 3.0±0.1 1.08 0.52
HA T 52.6±0.2 5.1±0.1 35.1±0.2 3.1±0.0 1.16 0.50
HA SA* 60.2±0.1 5.7±0.1 31.6±0.1 1.3±0.1 1.14 0.39
FA O 40.5±0.2 5.0±0.1 37.4±0.6 0.0±0.0 1.47 0.69
FA F 41.4±0.1 4.3±0.1 46.4±0.6 2.7±0.0 1.23 0.84
FA P 41.4±0.5 4.1±0.1 41.1±0.4 2.4±0.0 1.19 0.74
FA T 36.0±0.1 3.8±0.1 38.3±1.0 1.4±0.0 1.25 0.80
HA SA*: Sigma Aldrich results extracted from Giovanela et al. [2004].
Humic substances (HSs)
As was reported earlier, the photo-degradation of PE film was potentially linked to the or-
ganic matter content of the soil (Chapter 4). The extracted HS from each soils were therefore
analysed, as organic matter is comprised of HA, FA and humins. In parallel the commercial
samples from Omnia were analysed, as the HA O was found to increase the photo-degradation
of PE films (Section 5.2).
Elemental analysis One of the usual approches to characterise humic substances is to de-
termine the total element content, such as C, H, O and N, which is unique to each humic
substance and reflects the environmental conditions under which they were formed. The ele-
mental composition, as well as the atomic ratio of both humic and fulvic acids extracted from
each soil, as well as the commercially available ones, are summarised in Table 5.7.
In general, the values obtained for the elemental analysis were within the literature range
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Table 5.8: Nutrients composition of the humic acids analysed by FIA.
Humic Nutrient (ppm)
Substances Nitrite Nox-N Ammonium Phosphate
HA O 4.74±0.37 1.58±0.17 5.52±0.90 1.23±0.25
HA F 0.08±0.02 0.09±0.03 1.14±0.45 0.58±0.22
HA P 0.46±0.08 0.15±0.01 1.82±0.51 0.73±0.32
HA T 0.40±0.05 0.12±0.01 1.07±0.12 0.41±0.14
[Rice, 1991, Giovanela et al., 2004, Amir et al., 2004, Dai et al., 2006, Yu et al., 2008, Giovanela
et al., 2010, Fernandes et al., 2010]. The C content of HA is usually higher than FA, while
it is the inverse for the O content. Only HA O had a lower O content and higher C content
than the FA O. This usually translates into an O/C atomic ratio that is lower for HA than
for FA. In our study, all FA extracted from soil showed a higher O/C ratio, which indicated a
higher content of functional groups than for HA, except HA O which has an O/C ratio similar
to FA O. Those functional groups are usually carboxyl and carbonyl groups.
The H/C ratio is a measure of the degree of saturation of humic susbtances [Stevenson,
1995]. The H/C value obtained for HA indicated that it was less saturated than FA. Within
HA, HA F and HA P had similar H/C ratios which were lower than the H/C ratios of HA O
and HA T, indicating that HA O and HA T are more saturated than the others. The same
trend is observed for different sources of FA. Pettit [2004] reported that the free radical content
of HSs is positively related to their humification state (the greater the humification, the lower
the H/C ratio, which is also translated into a darker colour for the HS). Hence, HA contained
a higher free radical content compared to FA, as FAs have a high H/C ratio, and were darker
in colour.
Nutrient analysis Only extracted humic acids were analysed by FIA (Table 5.8).
HA O had much higher concentration of nutrients compared to the HAs extracted from
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Table 5.9: Main UV parameters for the humic substances.
Humic Substances SUV254 A280 E2/E3 E4/E6 SR
HA O 0.038±0.01 1.28±0.01 2.41±0.01 8.00±0.23 1.59±0.01
HA F 0.025±0.01 1.13±0.01 2.37±0.01 5.42±0.09 1.61±0.01
HA P 0.029±0.01 1.35±0.01 2.40±0.01 5.56±0.06 1.61±0.01
HA T 0.030±0.01 1.41±0.01 2.43±0.01 5.32±0.05 1.62±0.01
FA O 0.054±0.02 2.11±0.07 5.33±0.07 6.75±0.46 4.00±0.13
FA F 0.022±0.01 0.76±0.01 3.04±0.01 6.84±0.35 2.32±0.01
FA P 0.028±0.01 0.91±0.01 3.36±0.01 12.21±1.11 2.57±0.01
FA T 0.029±0.01 0.81±0.01 3.62±0.01 10.50±0.90 2.45±0.01
soils. This could be due to the sample’s extraction method. In comparison with the elemental
analysis, the samples used for the FIA were solubilised in Milli-Q water, while the elemental
analysis was performed on dry samples.
HA P and HA T had similar nutrients composition, while HA F had very low level of Nitrite
and NOx-N. The trend observed here was different from the soil nutrient results, suggesting
that the HSs extraction may have modified the available nitrogen.
UV-Vis spectroscopy In the case of HSs, the ratio E4/E6 is primarily related to the degree
of humification, the particle size and the molecular weight, and is secondarily related to the
oxygen content [Chen et al., 1977]. The humification of these substances is shown by a decrease
in the E4/E6 ratio. Low ratios indicate a relatively high degree of aromatic structures, while a
high ratio is an indication of highly aliphatic structures.
In the case of FAs extracted from soil, the E4/E6 values were around 10, while for HAs the
ratios were around 5, suggesting that the HAs had a higher molecular weight and larger particle
size than the FAs (Table 5.9), with a lower degree of humification. The FAs from Omnia and
Forthside had lower E4/E6 ratios (at around 6.80), slightly higher than HAs, suggesting that
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these FAs had a relatively large molecular size compared to the other FAs. In conjunction
with the elemental composition, it can be concluded that HAs have a more aromatic structure,
while FAs exhibited a more aliphatic structure [Helal and Murad, 2011], with a lower molecular
weight.
The E2/E3 ratios for FAs were similar, averaging around 3, except for FA O which had
a higher ratio of 5. In the case of HAs, they all had similar E2/E3 ratios, averaging around
2.3. As described earlier, the E2/E3 ratio is negatively correlated to aromaticity and molecular
weight. When HAs have lower E2/E3 values, this indicates a higher molecular weight, and
a higher degree of aromaticity. This is also correlated to the absorbance at 280 nm, where
higher values imply a more aromatic structure. All the FAs in this study had lower A280 than
HAs, apart from FA O, which had a higher aromatic structure than the HAs. This was also
translated into a higher SR ratio of 4, with a highest SUV254 for FA O compared to HA O.
FA O should therefore have a high aromaticity, and a lower molecular weight. This finding
would suggest that FA O would have a more inhibitory effect than HA O.
FTIR-ATR spectroscopy The FTIR-ATR spectra were used to determine possible struc-
tural differences in the HS extracted from soil and the commercial samples.The FTIR spectra
of HA and FA are presented in Figure 5.11 and 5.12 respectively.
It was observed that HA and FA extracted from the different soils showed similar spectra
to those in the literature [Helal and Murad, 2011, Campitelli et al., 2006, Lopes et al., 2013,
Dai et al., 2006, Baglieri et al., 2007, Lguirati et al., 2005, Giovanela et al., 2010, Baddi et al.,
2004]. Only the commercially available HA and FA presented some different profiles to the
ones extracted from soils.
Each HS displayed the following typical absorption bands:
• A broad band between 3300-3500 cm−1: assigned as O-H stretching of alcohols, hydroxyl or
carboxyl groups and/or N-H vibrations of amines and/or amides
• Two bands at around 2925 and 2840 cm−1: assigned as symmetric and asymmetric C-H
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Figure 5.11: FTIR spectra of HA from various sources.
stretching of CH3 and CH2 groups,
• Bands between 1735-1730 cm−1: assigned as C=O streching of COOH, ketone and aldehyde,
• Bands around 1650 cm−1: assigned as C=O stretching of amide; C=N stretching; asymmetric
stretching of COO−; C=O stretching in CHO, quinones and aromatic C=C stretching.
• Bands between 1600-1500 cm−1: assigned as the aromatic -C=C stretching and/or N-H
bending vibration
• Bands at 1440-1430 cm−1: assigned as deformation of aliphatic, phenolic OH stretch, sym-
metric stretching of COO–;
• Bands at 1260-1245 cm−1: assigned as C-H deformation, C-O stretching in phenols.
The 2925 and 2840 cm−1 peaks were really distinct in the case of the HA O.They were more
pronounced in the case of HA than FA, which was in agreement with the lower H/C atomic
ratio for HA than FA.
Some differences between the spectra of different HSs extracted from soil, as well as with the
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Figure 5.12: FTIR spectra of FA from various sources.
commercially available HSs, are given in the Table 5.10. These differences observed between
HA and FA, i.e. a decrease in peaks intensity and appearance of new peaks, indicated changes
in functional groups between each type of humic substance.
The HS extracted from Forthside soil presented stronger signals between 1800 and 800
cm−1 than the HS extracted from the Thornlands or Pinjarra soil, which would suggest a
higher concentration of the different functional groups.
For the HS extracted from soil, the band at around 1720 cm−1, corresponding to C=O
stretching of acids, aldehydes and ketones, was less intense for the HA than for FA. Those
changes in peak area might be indicative of a difference in the proportion of acids groups
between HA and FA. In general, FA has a more acidic nature than HA [Fernandes et al., 2010].
The band at 1610 cm−1, corresponding to the aromatic structure, was more intense in the
case of HA than FA, which could be explained by a more aromatic structure for HA compared to
FA, as reflected by both the elemental and UV VIS analysis results. These two bands were not
intense in the case of HA O and FA O, suggesting the absence of those groups and structures.
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The HA O had a strong peak around 1360 cm−1, assigned to O-H bending, C=O stretching
of phenolic groups, COO− anti-symmetric stretching and aliphatic CH bending, which would
suggest a larger percentage of phenolic groups. This peak was not so intense in the case of HA
extracted from soils, and was not observable in the FA. The band between 1220-990 cm−1 was
weak in the case of HA O compared to the other HSs. This region was intense for all FAs, and
also strong in the case of HA F compared to HA T and HA C. This would suggest a higher
content of degraded or decomposed organic matter in these samples [Campitelli et al., 2006,
Lopes et al., 2013]. The band at around 1220 cm−1, related to the C-O stretching of the aryl
ethers and phenols, was really prominent in the case of FA F.This suggest the presence of more
functional oxygenated groups compared to the other samples analysed.
Solide state CP/MAS NMR The use of solid state 13C CP/MAS-NMR spectra allowed for
semi-quantitative [Duarte et al., 2013] analysis, where the relative abundances of the different
classes of carbon atoms of the HSs were measured. Figure 5.13 presents the spectra for each
humic susbtance. All HAs extracted from soil presented similar spectra, as was also observed
for the FAs extracted from soil. The HA O and FA O by contrast had distinctive spectra.
The solid-state CP/MAS 13C-NMR spectra of the HSs were split into six main regions based
on the literature [Amir et al., 2004, Giovanela et al., 2010, Helal and Murad, 2011, Gonzalez-
Perez et al., 2004, Fernandes et al., 2010, Stevenson, 1995, Chen et al., 1989, Preston, 1996]:
• 0-45 ppm: saturated in substituted aliphatic C
• 45-90 ppm: aliphatic C singly bounded to O or N
• 90-110 ppm: alkyl C bonded to two O via simple bond
• 110-160 ppm: aromatic C
• 160-190 ppm: carbonyl C of carboxylic acids, esters and amides
• 190-220 ppm: carbonyl C of aldehydes and ketones
The integrated peaks area were calculated in order to compare the different samples. It
should be noted that, these values are only estimates of the contents of each type of carbon
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Figure 5.13: The CP/MAS 13C-NMR spectra of Humic substances.
functional groups. The results are only qualitative, not quantitative (Table 5.11).
HA O presented one single intense peak around 42 ppm. Indicating that this HA was mainly
composed of saturated aliphatic C. All other HAs had aliphatic peaks at around 42-43 ppm,
while this peak was broader in the case of FAs extracted from soil. The region between 45-90
ppm, which represents the aliphatics bound C to O or N or alkene groups was dominant for all
HSs except for HA O. Two main peaks were observed for HAs extracted from soil, the first one
being around 65 ppm and the second one around 81 ppm. Overall the aliphatic region (0 to 90
ppm) represented about 60% of the total composition. This is the main constituent of HSs.
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Table 5.11: Peak area of the major NMR bands of humic acids and fulvic acids.
Humic
Substances
Saturated Aliphatic bounded Alkyl C bonded Aromatic shift Carboxyl Carbonyl
aliphatic shift to O or N shift to two O shift shift shift shift
0-45 ppm 45-90 ppm 90-110 ppm 110-160 ppm 160-190 ppm 190-220
HA O 55.76 17.81 3.92 13.50 8.55 0.46
HA F 26.18 38.53 7.63 16.86 10.73 0.07
HA P 21.60 42.54 9.79 17.14 9.06 0.11
HA T 24.00 39.34 9.77 16.85 9.42 0.61
FA O 15.58 56.09 6.08 16.05 5.72 0.48
FA F 15.78 43.56 11.62 17.87 10.78 0.37
FA P 16.34 44.78 10.72 17.91 10.03 0.22
FA T 28.89 38.10 7.71 14.47 10.01 0.82
The 110–160 ppm area was representative of the aromatic and phenolic carbons. The area
of the peaks in this region varied between 13 to 18%. The phenol group were found between
150-160 ppm. Only in the case of FA O was a peak centred at around 155 ppm, suggesting a
higher content of phenol groups in this sample.
The carboxyl region (160-190 ppm) was dominated by a peak with a maximum at approx-
imately 180 ppm, attributed to carboxylic acids. The weak resonances around 185 ppm were
attributed to quinone C [Abakumov et al., 2015]. This peak was only present in HA T. Quinone
may act as a radical scavenger in PE photo-degradation.
Hydroxyl radical production from irradiated HAs Solutions with the different humic
acids where photo-irradiated in order to evaluate their ability to photo-produce hydroxyl radical.
Prior to measurement, as the humic acids solutions had different absorbance, it was necessary
to dilute the solutions to reach an absorbance of 0.1 at 365 nm. At this absorbance, the
screening effect of the solution is negligible. HA F was diluted 15 times, HA P 7 times, and
HA T 12 times.
All the HAs produce OH following UV exposure, with production rate increasing with
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Table 5.12: Production of hydroxyl radical from different HAs under different irradiation conditions.
Humic
Substances
Dilution HPLC Peak area between 330-430nm
factor 1hr irradiation 1h 30 min irradiation + 24hrs in the dark
HA F 15 311000 415000 544000
HA P 7 369000 401000 595000
HA T 12 250000 354000 -
increased irradiation time. Even 24 hours after the UV light was turned off, HA F and HA P
were still producing OH (Table 5.12), suggesting that once the production was photo-started
it would still produce OH without irradiation. The production of OH during the dark time
could be due to the presence of peroxide from the organics that could be long lived, once
activated by the light.
HA F was the most diluted samples but yet was producing the most OH compared to
HA P and HA T. Those photo-produced OH from humic acids would be able to contribute
to PE photo-oxidation degradation, which might explain the faster photo-degradation of PE
when laid over Forthside soil.
SEM The morphology of the humic substances was analysed by SEM. The micrographs of
HA and FA are presented in Figure 5.14 and 5.15, respectively.
The micro-structure of those humic substances depends on the soils from which they were
extracted and their preparation conditions [Tan, 1985, Chen, 1976, Giovanela et al., 2010].
Humic substances usually exhibit some granular aggregate structure with the present of sheets
and fibers. The soil extracted HAs and FAs were different in structure, with the HAs having a
pronounced granular structure while the FAs had fibres and sheet like structure.
All HAs presented some granular structure. Only HA P exhibited a large number of fibres.
HA O and HA T were relatively more homogeneous than the HA F and HA P. HA O and
HA T had large particles reaching between 100 to 200 µm, while HA F and HA P had smaller
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Figure 5.14: SEM micrograph of the freeze-dried HA at a magnification of 100x.
particules (50 to 10 µm). Aggregates usually form during the freeze drying step, which involves
some interaction between molecules (charge transfer, London and Van Der Waales forces or
hydrogen bonding) [Negre et al., 2004].
The commercial FA morphology presented round particles without any fibres, while FAs
extracted from soils all contained fibres as well as thin and flat sheets.
5.4 Conclusions
It was demonstrated that components within the OM (HAs and FAs) of soil may influence the
rate of degradation of oxo-degradable and control PE films under accelerated conditions. More
specifically, HA had a significant impact on the rate of PE photo-oxidation, whereas FA had
an inhibiting effect compared to water. HA accelerated the degradation rate of the PE control
film by a factor of 1.5 compared to FA. HA was shown to form more free radicals than FA
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Figure 5.15: SEM micrograph of the freeze-dried FA at a magnification of 200x.
under UV exposure, which potentially could facilitate PE photo-degradation.
Overall, from the soil characterisation studies, the main finding was that the most active soil
(Forthside) had the highest organic matter content, along with a high content of nitrate that
might also accelerate PE photo-degradation. By contrast, the Thornlands soil, the less active
soil, presented the greatest proportion of aromatics, with a higher molecular weight, and with a
high SUV254 in conjunction with a low SR ratio, which could indicate a possible reason for the
inhibiting effect through the DOM3∗ (Table 5.13). With regard to the humic substances, HA F
produced the highest amount of OH radicals, compared to the other HA extracted from soil.
In addition HA T contained some quinone groups that could act as scavengers in PE photo-
degradation (Table 5.14). Finally FA O had a higher aromatic content than HA O, although
this is usually the other way round for humic substances (Table 5.15). This could explain the
possible inhibiting effect of FA O compared to HA O.
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CHAPTER 6
Effect of water and ions in solutions on PE film
photo-oxidation
6.1 Introduction
In a natural environment, due to water present in the soil, water condenses on the underside
of the mini-greenhouse film as presented in Figure 6.1.
Water was shown to have an accelerating effect on the photo-oxidation of PE (Chapter 4).
This is likely caused by a combined physical and/or chemical effect. It was found that for a
standard PE control film, the presence of water would significantly decrease its embrittlement
time by a factor of 1.7 compared to air (29 days over water vs. 48 days over air). The oxidation
rate defined by the evolution of the carbonyl group for all the different film types over water
was accelerated compared to air. As described in Chapter 2, water can either have a physical
effect and/or a chemical effect.
More specifically this effect could be that condensed water would be a carrier of dissolved
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Figure 6.1: Cross section of water condensation under mini-greenhouse film in the field.
organic matter (DOM) present in the soil. When exposed to sunlight, DOM is a source of
reactive intermediates [Mckay et al., 2017] as described in Equation 6.1:
DOM
hν−→ OH•+ 1O2 + 3DOM∗ +ROS (6.1)
where 1O2 is the singlet oxygen state,
3DOM∗ is the excited triplet states of DOM, and
ROS is reactive oxygen species.
On the other hand, DOM redox properties might favour free radical scavenging [Aeschbacher
et al., 2012, Wenk et al., 2011, 2015]. Hence DOM has a complex reactivity, and ambiguous
role in ROS production.
This chapter focusses on the analysis of condensed water droplets under films UV aged over
different soil types. Specifically the type of ionic species and their concentrations in the water
droplets. The effect of water charged with different ions on photo-oxidation of PE films was
evaluated. Both a laboratory scale blown film and a commercially available film were assessed.
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6.2 Water droplets analysis
6.2.1 Experiment procedure
Materials
Soils samples from the 3 keys sites Forthside (OM 8.4%), Pinjarra (OM 4.4%) and Thornlands
(OM 3.9%) were prepared as described in Section 4.2.1.
The PE control film composition and processing details were presented in Section 4.2.1.
Samples preparation
Soil samples were placed in petri dishes, and covered with the PE control film, in order to
mimic the minigreehouse application. The amount of soil would vary between 25 to 30 gr, with
a thickness of 1.5 cm Samples were then placed for 4 hours in the QSun, following the set-up
described in Section 4.3.1. After 4 hours of irradiation, the films were gently turned over in
order to collect the condensed water on the underside of the film with a pasteur pipette.
Water droplet analysis
Water droplets were analysed by UV-Vis and ion chromatography, in order to identify the
components present in the condensed water. This work was conducted in collaboration with
the Institut of Chemistry in Clermont-Ferrand at the University Blaise Pascale in France. Prior
to ionic measurements, 1 mL of water droplet was diluted with 4 mL of MilliQ water.
The ion chromatography was carried out with a Dionex chromatograph equipped with
DX320 pump (1 mL/min), set with an injection of 2.5 mL of sample in a 750 µL loop. The
eluent was a gradient from 0.2 to 33.45 mM of KOH over 30 min. The column used was a AS11
4x250 mm set at 30°C. The ion detection was obtain by using a conductivity suppression unit
coupled with and electrochemical detector operated in conductivity mode. Samples analysis
was perform using the Chromeleon Dionex software.
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Dry soils and humic substances (HSs) were dissolved in water prior to analysis. In the case
of soil, 5 g was dissolved into 40 mL of water, while for HSs 0.15 mg was dissolved in 1.5 mL
water, samples were then shaken for 2 days. 2 mL of dissolved soil were centrifuged at 10 000
rpm for 10 min and then filtered, while for HSs 1 mL was used.
Hydroxyl radical formation
Solutions of nitrite and nitrate at 3.10−3 M were prepared from sodium nitrite and sodium
nitrate (supplied by Sigma Aldrich); to asses their ability to form OH under UV exposure. A
solution at 3.10−3 M (pH 7) of terephtalic acid (TA) was used as probe to trap OH, as TA
reacts with OH to yield 2-hydroxyterephthalic acid (TA-OH), as described in Section 5.3.1.
A solution of TA-OH at 10−6 M was use as a calibration solution. Solutions were irradiated
in a Suntest (irradiance of 500 W/m2, wavelenght > 290 nm) for 1 and/or 2 hours. TA-OH is
highly fluorescent as described by Page et al. [2011]. TA-OH was analysed by fluorescence at
326 and 432 nm for excitation and emission, respectively [Coelho et al., 2011].
6.2.2 Results and discussion
UV-Vis analysis
The UV-Vis spectrum of all irradiated water droplets were benchmarked with un-irradiated
MilliQ water, as presented in Figure 6.2. The un-irradiated MilliQ water presented a featureless
spectrum.
For all irradiated droplets an increase in absorbance was observed in the wavelength region
between 250-200 nm. The droplets from Forthside soil had the highest absorbance reaching 0.5
compared to the droplets from Pinjarra and Thornlands, which reached an absorbance of 0.25
at 200 nm. For the irradiated water, the absorbance was lower than 0.2 at 200 nm.
It was reported in the literature that nitrite and nitrate are major radiation absorbers
around 200 nm and 205 nm respectively [Mack and Bolton, 1999, Minero et al., 2007a], while
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Figure 6.2: UV-Vis spectrum of the water droplets collected over different soils after 4hrs of irradiation in
the QSun.
at 250 nm DOM is the main absorber [Minero et al., 2007b].
Minero et al. [2007a] reported that DOM and nitrite play a substantial role as photochemical
OH sources in surface water in addition to nitrate and photo-Fenton reaction. Where Minero
et al. [2007a] found that nitrite had a higher absorption rate of solar UV radiation compared
to nitrate, its photolysis quantum yield is higher than nitrate making nitrite a competitive
photo-reactant. Hence nitrite might be a potential source of OH that might play a role in PE
photo-oxidation.
DOM is known to photo produce reactive oxygen species such as 1O2, H2O2, OH. DOM
photolysis might also induce the formation of hydroxylating species, which were observed during
Fenton-type reaction and quinone photo chemistry [Page et al., 2011]. They produce hydroxy-
lating species with lower reactivity than OH.
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Table 6.1: Anion concentration and pH of condensed water droplet from different substrates after 4 hr
under irradiation.
Substrate pH
Anion concentration (ppm)
Cl− NO3− SO42−
Water 7.06 - - -
Forthside 6.25 - 63470±175 28±1
Pinjarra 7.8 25±10 17300±160 95±20
Thornlands 5.7 4440±230 - 70±10
Ionic analysis
Water droplets were subjected to ionic analysis in order to identify different ions present in
water after 4 hours of irradiation in QSun. Table 6.1 summarises the different concentrations
of three main ions detected in droplets.
Thornlands droplets had the highest content of chloride ion (Cl−); this ion was not present
in Forthside soil. Thornlands might have a high level of chloride as this site is about 3 km away
from the ocean. Forthside had the highest content of nitrate (NO3
−), around 63,500 ppm,
whereas no nitrate was found in Water nor Thornlands. Forthside having been an agricultural
site, it would have been subjected to nitrogen treatment while the other two sites were not.
Low concentrations of sulphate were detected in all the samples that originated from soil.
The effect of chlorinated water on PE pipes has been widely investigated [Dear and Mason,
2006, Colin et al., 2009, Castagnetti et al., 2011, Devilliers et al., 2011, Mitroka et al., 2013].
It was demonstrated that chlorine solution induced PE degradation [Henry and Garton, 1990,
Henry et al., 1992, Devilliers et al., 2011, Mitroka et al., 2013]. Mitroka et al. [2013] demon-
strated that only a small amount of aqueous chlorine is necessary to initiate the production of
additional radicals that can react with PE surface.
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In a recent study, Brandon et al. [2016] investigated PE degradation in the ocean, using
FTIR analysis. They observed that hydroxyl peak at 3350 cm−1 was the most readily identified
on the spectrograms, followed by the peak at 1070 cm−1 for C-O bonds. Several indices of
hydroxyl, carbon-oxygen bonds, and carbonyl group bonds were calculated as the ratio of
the maximum absorbance value for the bond peak relative to the value of a reference peak.
During PE degradation, a non-linearity was observed in the change of indices.For all samples,
a return to near un-aged material levels of bond index values was observed. Brandon et al.
[2016] attributed it to embrittlement of the oxidised outer layer, which over time might be lost,
leading to the exposure of newer and less weathered layers.
The degradation of supermarket plastic bags in a marine environment was recently studied
by Kalogerakis et al. [2017]. They demonstrated that PE film degradation was slower in seawa-
ter than in air. This was attributed to the amount of light that was absorbed by water, hence
limiting the photo-oxidation process, as well as to a possible temperature decrease, despite
the fact that absorbed water can favour the degradation by enabling stabiliser leach out, and
increasing oxygen accessibility into the matrix. Oxidation in water might also be less effective
as dissolved oxygen in the top layers of water (8–10 mg/L) is lower compared to the available
oxygen in the ambient air (21% oxygen). Their study demonstrated that in the marine envi-
ronment plastic weathering is significantly slower for floating plastic in seawater than onshore.
Their study did not investigate the possible effect of the presence of salt in seawater into plastic
photo-oxidation.
Photo-production of hydroxyl radical from nitrite and nitrate
Photolysis of nitrite and nitrate induces the production of OH through several pathways, that
might be influenced by different factors such as concentration, wavelength, pH and temperature
[Mack and Bolton, 1999, Gligorovski et al., 2015].
Two solutions of 3.10-3 M of nitrite or nitrate were irradiated for up to 2 hours. The
photo-production of OH from both solutions was measured over time by using a solution of
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Table 6.2: Photo-production of hydroxyl radical upon solution irradiation characterised by the surface area
of the HPLC fluorescence peak.
HPLC fluorescence peak area
Solution
Irradiation time (h)
0 1 2
NO2
− (3.10−3M) 4 140 185
NO3
− (3.10−3M) 2 20 51
TA-OH (10−6M) - - 222
terephthalic acid acid (TA) as a probe (Table 6.2). Photo generated OH was trapped by
TA to form hydroxyterephthalate (TA-OH), which is highly fluorescent as described by [Page
et al., 2010]. It can be measured by fluorescence at 326 and 432 nm for excitation and emission
respectively [Coelho et al., 2011]. Both nitrite and nitrate solutions were producing OH radicals
upon irradiation, which increased with increased irradiation time. From the peak area, nitrite
was producing more OH than nitrate.
Upon photolysis of nitrate, Page et al. [2010] noticed that TA-OH might photo-degrade as
nitrate requires irradation at wavelengths where TA-OH absorbs. This was not observed in
the case of nitrite, as its maximum absorption is near 365 nm, where a linear production of
OH was observed over time. The production of OH from fulvic acids was also investigated.
It was found that once FA concentration reached a plateau (around 6 mg C/L (mg of carbon
per litre)) the addition of FA no longer resulted in an increase in OH, due to its quenching
effect. This was due to the dual FA properties to either form or inhibit OH, as described in
the following set of equations (6.2 - 6.4):
FA+ hν
form−−−→ OH• (6.2)
TA+OH• −→ TAOH (6.3)
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FA+OH• quench−−−−→ product (6.4)
Table 6.2 confirmed that both nitrite and nitrate were able to photo produce OH, with
different production rates. The photo produced OH might potentially be able to participate
to the photo-oxidation of PE film.
Nevertheless, it was reported in the literature that nitrite and nitrate have a dual role of
OH initiator or scavenger. Overall NO2
− is a stronger OH scavenger than NO3− [Mack and
Bolton, 1999]. This dual role infers a complex photo-chemistry.
6.2.3 Conclusions
The analysis of condensed water droplets revealed that droplets from soils contain nitrate.
Upon irradiation, nitrate might be able to form OH or hydroxylating species which could play
a role in PE photo-degradation. It was also demonstrated that nitrite or FA can have a dual
role either forming or quenching OH radicals, hence inhibiting PE photo-degradation in the
later case.
These water droplets might be able to transport DOM from soil in close contact with the
underside of PE film, hence influencing the PE photo-degradation rate. In order to evaluate
the possible impact of different aqueous media, the PE photo-degradation rate was assessed
over different ions in solution. In addition, water might leach out some of the stabiliser from
PE matrix, rendering PE more vulnerable to photo-oxidation.
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6.3 Effect of water and ions in solutions on PE photo-
oxidation
6.3.1 Experimental procedure
Material and Processing
In this study a laboratory extruded and a commercially available films were tested. The labo-
ratory extruded PE film was blown as described in Section 3.3.1.
The commercial stretched PE film was supplied from Integrated Packaging Pty Ltd (Mel-
bourne, Australia). This film was made from LLDPE and LDPE with polyisobutylene (PIB)
(Mw 2000 g/mol), similar to the laboratory blown film, but was stretched to 250%, it will be
referred as IPPE.
Ion solutions
Several solutions were tested to evaluate their effects on the degradation of PE. Table 6.3
summarises the list of solution tested.
H2O2 solutions were prepared by diluting a 30% solution of hydrogen peroxide from Merck
to the desired concentration (2.10−3 and 2.10−2 mol/L ).
NO2
− solutions were prepared using NaNO2 salt dissolved in MilliQ water to reach 10−2
mol/L and 10−1 mol/L concentrations.
NO3
− solutions were prepared using NaNO3 salt dissovled in MilliQ water to reach 10−2
mol/L and 10−1 mol/L concentrations.
Cl− solutions were obtain by dissolving NaCl into MilliQ water to 3 different concentration
(10−2; 10−1 and 1 mol/L).
Phosphate solution was prepared by solubilising KH2PO4 in MilliQ water to obtain a solu-
tion at 10−1 mol/L.
6.3 Effect of water and ions in solutions on PE photo-oxidation 177
Table 6.3: Ion solutions prepared for photo-degradation of PE film
Solution Concentration (mol/L)
Water -
H2O2 2.10
−3 2.10−2
NO2
− 10−2 10−1
NO3
− 10−2 10−1
Cl− 10−2 10−1 1
PO3
− 10−1
PO4
− 10−1
Phosphite solution was prepared by mixing 0.6 mol/L of KOH with 0.2 mol/L H3PO3 to
obtain 0.1 mol/L of KH2PO3.
Accelerated laboratory ageing
Samples were placed into separate glass petri dishes of 2 cm depth, by placing the film over the
different solutions with the edges secured by a rubber band. Each film formulation was tested
in duplicate. The same ageing device (QSun) was used to age the different films over the ion
solutions, using the same cycles as described in Section 4.2.1.
In this suite of experiments, films were in direct contact with the the solution, as presented
by the diagram on the right in Figure 6.3.
Controls of each film formulation were included in the experimental suite, where each for-
mulation was laid over an empty petri dish (air) as well as over a petri dish containing Milli-Q
water, where the Milli-Q water was in direct contact with the film or with a headspace be-
tween the film and water as established in previous studies. In both cases (with and without
headspace) Milli-Q water was refreshed after each cycle.
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Figure 6.3: Cross-sections of the film laid over the solutions in direct contact with the film (on the right),
film laid over water with headspace (on the left).
Films assessement
The films were assessed for embrittlement time, as well as degree of oxidation after each QSun
cycle, following the same method as described in Section 4.2.1.
6.3.2 Results and discussion
Only PE films without pro-degradant were tested in this section. As presented previously,
when adding pro-degradant, the degradation rate is greatly promoted under accelerated ageing
experiment, limiting the comparison between different substrates.
Laboratory blown control PE film
Ageing over water with and without headspace In this section, the objective was to
evaluate the effect of the distance between water and film on the photo-oxidation. Limited
oxygen would be available on the underside of the film in full contact with water, but the
surface area of contact was increased in comparison with water with headspace, where only
droplets of condensed water were in direct contact with the film. Figure 6.4 presents the time
for PE control film to embrittle under the different conditions.
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Figure 6.4: Time to embrittlement for PE control film in presence of water, with and without headspace.
When the film was in contact with water the embrittlement time was almost 2 times faster
than over air, while with a headspace between the PE control film and water the embrittlement
time increased by 4 days compared with water in contact with the film (15 days to 11 days).
When the water is in direct contact with PE film, the lensing effect is absent, compared to
the sample with a headspace. In this case, therefore, the lensing effect is not contributing
to the PE photo-degradation and the increase in surface contact between the film and water
is possibly responsible for a faster carbonyl increase rate. Hirsch et al. [2017] studied the
ageing of PE in a humid environment and found that during PE oxidation, more water was
absorbed. They found a good correlation between the increased amount of hydrophilic groups
formed during PE photo-degradation and the rate of water evaporation. The increase in sample
cracking was attributed to the greater water diffusion in the polymer due to the increased
number of hydrophilic groups formed during PE weathering. In an earlier study, Borjesson
et al. [2013] investigated the permeability of PE to oxygen and water at different temperatures.
With increased temperature from room temperature to 60, the water solubility in PE was
increased. Due to the smaller size of the water molecules, they can easily move into voids that
are not accessible to the oxygen molecule, even though the diffusion mechanism for water in
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Figure 6.5: CI for a) the upper side and b) underside of control PE films during accelerating ageing in
presence of water, with and without direct contact.
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PE is very similar that for oxygen. In our study, the temperature under the film could reach
between 50 to 60°C in the accelerated device, whereas in the field the headspace temperature
could vary between the ambient temperature at night time while reaching up to 60°C at the
warmest of the day (depending on the weather conditions). The increase in temperature could
facilitate the water diffusion through the film, hence facilitating sample cracking. In addition,
due to the high relative humidity (RH) under the film, the water solubility in the material is
modified, as reported by Gillen et al. [2015]. They found that at constant relative humidity but
varying ageing temperature, the Arrhenius behaviour could be anticipated by adding to the
activation energy Ea the coefficient ERH which represents the Arrhenius coefficient at a specific
relative humidity (ERH). As they could establish that at constant RH the water sorption values
would vary on temperature that follow the Arrhenius equation, with the activation energy be
ERH .
The presence of water was definitively increasing the photo-oxidation rate of PE control
films, as also described by a faster CI formation rate over water as presented in Figure 6.5.
Another interesting aspect was that CI production was higher on the underside of the film,
reaching up to 0.25, while on the upper side it was not exceeding 0.15 (Figure 6.5). When the
film was in contact with water, the production rate was much faster compared to the presence
of headspace, which was itself faster than over air. For the upper side of the film no differences
were observed between water with headspace and water touching the film, suggesting that the
water and oxidation products would diffuse at the same rate through the film.
During ageing, PE will endure changes such as a reduction in average molecular weight,
with the formation of polar oxygenated groups such as carbonyl or hydroxyl groups [Nakatsuka
and Andrady, 1994]. Each of these factors will result in increased water vapour transmission
rate due to increased water solubility and or diffusion into weathered PE. Hence the oxidised
polymer allows water to penetrate and diffuse more easily through the matrix. In addition,
due to the ability of water to migrate through oxidised PE domains, it can induce a fatigue
stress into PE films due to a swell/shrink effect over the day and night cycles. This can also
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Figure 6.6: Time to embrittlement for control PE film over different concentrations of salted water.
occur over several cyclic dry/wet conditions, which can eventually result in fatigue, and favour
further chemical and mechanical change leading to degradation [Nechifor, 2016].
The CI production was slower over air than over water, with water enhancing the photo-
oxidation of the control PE film on both sides of the film, but more specifically on the underside
where the water was in contact with film. This might be linked to the increase of the surface
area between water and film when in direct contact, leading to an increase in production rate of
carbonyl. This could be due to a faster decomposition of ester to carbonyl products promoted
by OH radicals [James et al., 2013], when water was in direct contact with film.
The effect of the direct contact of soil on PE photo-degradation was investigated only over
one soil (OM 8.4%) and is presented separately in Appendix D. It was observed that the film
oxidised faster and embrittled earlier when in direct contact with the soil when compared to
the presence of a head-space between the film and soil. This was attributed to a larger surface
area of contact when the film was in direct contact with the soil.
Ageing over salted water (NaCl) As some chlorine was detected in water droplets from
Thornlands soil as well as from the Milli Q water, solutions with different concentrations of
NaCl were tested. This could also correlate to similar conditions to seawater, where plastic
films would end up if inappropriately disposed. Films would be floating on the sea surface,
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with one side exposed to the sunlight and the other side in contact with sea water.
Figure 6.6 presents the time for the control PE film to embrittle over different solutions of
salted water. All samples embrittled within 12 days, apart from the film laid over a solution
with 0.01 mol/L of NaCl, which degraded in 14 days.
The embrittlement in this case was unusually happening on the edges, while in previous cases
the film did not necessarily embrittle at the edges. In this case, the measured embrittlement
time might not be a true reflection of PE photo-oxidation, due to ESC.
The change in the carbonyl index over time provided more information on the oxidation
rate compared to the embritlement time.
The profile of carbonyl production rate of control PE film over the different concentrations
of NaCl solutions is presented in Figure 6.7. For the upper side, the CI values were lower
than the under side, reaching a maximum of 0.22, while it was almost double for the underside
(reaching 0.4). This indicated that a greater degree of oxidation was reached on the underside
when the film was in direct contact with the solution. Interestingly, the evolution of CI over
time was independent of NaCl concentration.
In an early study, Henry and Garton [1990] investigated the thermal degradation of LDPE
films of electrical grade in aqueous solutions containing different concentrations of NaCl. It was
founded that the rate of oxidation was ranked from the fastest to the slowest as 0.1 mol/L NaCl
> 0.01 mol/L NaCl > water > air. In the case of films aged over 0.1 mol/L NaCl, carboxylic
acids accounted for about 26% of the carbonyl product, leading to further chain scission. This
was not observed in this study, probably due to the fact that the experiment temperatures
never exceeded 60°C, which was lower by 15°C to 30°C compared to their study (75°C and
90°C).
In terms of radical formation, Anastasio and Newberg [2007] reported that Cl− was a minor
sink of OH, since the rate constant for the reaction of Cl− with OH was high, with almost
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Figure 6.7: CI for a) the upper side and b) underside of control PE films during accelerating ageing over
different concentrations of salted water.
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Figure 6.8: Time to embrittlement for control PE film over nitrite and nitrate solutions in comparison with
air and water.
99% of product breaking down to reform OH, following Equations 6.5 and 6.6
Cl− +OH• −→ •ClOH− (6.5)
•ClOH− −→ Cl− +OH• (6.6)
This suggests that chloride was neither inhibiting or promoting OH production. Hence no
change in the photo-induced CI production rate for PE was observed. In addition, in the
short term, as PE has a non-polar chemical structure it should have very low interactions with
salted water. But in the long term, once PE has degraded, the potential for water diffusion is
increased, and with it the likelihood of salt being carried into the bulk of the PE matrix. The
crystallization of salt molecules inside the polymers can mechanically weaken and damage PE
[Ghabeche et al., 2015].
Ageing over nitrite and nitrate Nitrate was detected in condensed droplets collected from
the Forthside soil as well as from Pinjarra Hills soil. From the literature, nitrite and nitrate
hydrolysis produces OH. This was confirmed in Section 6.2.2 where the formation of OH
from nitrite was greater than from nitrate upon UV irradiation, suggesting that nitrite is a
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better source of OH compared to nitrate. This was also reported in the literature, where in
aqueous solution NO−2 ions were a more effective source of OH compared to NO
−
3 for equivalent
concentration [Herrmann, 2007, Page et al., 2010, Gligorovski et al., 2015]. A concentration
of 2.10−3 mol/L of nitrite or nitrate was used to characterise PE photo-oxidation over those
solutions.
Surprisingly, when films were aged over solutions enriched in nitrite or nitrate, it took more
time for the film to embrittle (Figures 6.8). A factor of 1.5 inhibition was measured when film
was laid over NO−2 compared to water, while over NO
−
3 the factor was 1.3 slower, although this
was still faster than over air.
In terms of carbonyl index production (Figure 6.9), the differences between substrate were
much more pronounced on the underside of the films compared to the upper side. This was
also evidence by a higher CI value being measured on the underside of the film compared to
the upper side (0.4 on the underside compared to 0.15 on the upper side).
Interestingly, the production rate of carbonyl was lower in the case of nitrite than air,
suggesting that nitrite was inhibiting the PE photo-degradation rate. While for nitrate, the
carbonyl increase rate was faster than over air, but slower than over water, suggesting that it
was inhibiting PE photo-degradation compared to water. This was observed on both sides of
the film.
Although nitrite and nitrate are good sources of OH under UV exposure, they also can
act as a sink [Mack and Bolton, 1999, Gligorovski et al., 2015] depending on the environmental
conditions (pH, wavelength, temperature). For, under photolysis of nitrate, the OH yield
decreased as pH increased to the neutral range.
In this study it is still unclear why neither nitrite or nitrate promotes PE photo-degradation,
but rather inhibits it when compared to water.
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Figure 6.9: CI for a) the upper side and b) underside of control PE films during accelerating ageing over
nitrite, nitrate, air and water.
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Figure 6.10: Time to embrittlement for control PE film over solutions with different concentration of H2O2.
Ageing over hydrogen peroxide Another efficient source of hydroxy radical was H2O2, as
upon irradiation a H2O2 molecule yields two OH as described by Equation 6.7.
H2O2
hν−→ 2OH• (6.7)
Unfortunately H2O2 is also able to scavenge OH as described in Equation 6.8.
H2O2 +HO• −→ O2H •+H2O (6.8)
This was especially noticeable in the aqueous phase compared to the gas phase. This was
due to the fact that in solution the solvent behaved as a cage for the OH, inhibiting diffusion.
This was also dependant on H2O2 concentration. This underlines the complexity of the dual
role of H2O2 toward OH.
In this study, PE control film degradation was assessed over H2O2 in solution at 2 different
concentrations (2.10−3 and 2.10−2 mol/L). PE control film embrittled within 12 to 13 days over
the two different H2O2 solutions which was similar to water (Figure 6.10).
Differences were observed in the production rate of carbonyl, on the underside of the film
(Figure 6.11). For both H2O2 solutions, the CI increase rates for the underside of the film were
similar, but slower than over water and faster than over air. On the upper side of the film, the
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Figure 6.11: CI for a) the upper side and b) underside of control PE films during accelerating ageing over
different concentration of H2O2 in solution.
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Figure 6.12: Time to embrittlement for IPPE film over different substrates.
CI production rate was the same for the 3 solutions, which was faster than over air. In this case
H2O2 did not promote PE photo-degradation, but rather inhibits it when compared to water.
Commercial PE stretched film
From the previous study it was observed that water was enhancing the photo-degradation of
PE blown film at a laboratory scale. This section looked at the performance of a commercially
blown film from Integrated Packaging (IPPE) over water, salted water (NaCl), nitrite and
nitrate in solution as well as over phosphite and phosphate. Phosphite is used in packaging for
its good antioxidant properties [Schwetlick and Habicher, 1995, Farajzadeh et al., 2007, Ojeda
et al., 2011]. Phosphorus is present in soil [Turner et al., 2015].
Embrittlement time IPPE film from Integrated Packaging was stretched to 200% after
processing in order to reduce its thickness. The stretching of the film increases the PE film
oxygen barrier, as the film structure will be more orientated Figure 6.12 presents the time for
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IPPE films to embrittle over the different substrates.
The film was fastest to embrittle over water and slowest over NO−2 , with air being faster to
degrade the IPPE film than NO−2 , suggesting that nitrite was inhibiting PE photo degradation.
Interestingly, IPPE film did embrittle within the same time frame as the laboratory blown
PE control film. The film stretching process did not seem to slow down its degradation. Hsu
et al. [2017] also reported similar embrittlement time for UV aged stretched and unstretched
PE film.
Commercially blown films started to degrade on the edges of the petri dish, where the
mechanical stress would be higher, as observed in the case of the laboratory-blown film. The
evolution of the carbonyl index was also assessed in order to obtain more details on the pro-
duction of oxidised species.
Ageing over salted water This section investigates the effect of sodium chloride at a 10−1
mol/L, as well as the effect of the presence of a headspace between the film and the solution.
Figure 6.13 presents the CI increase over time for different substrates.
On the upper side of the film, all solutions presented a similar CI profile, with only the profile
over air being lower. On the underside, some differences were observed. When water was in
direct contact with the film, the CI evolution rate was higher than compared to water with a
headspace. On the upper side, differences were observed after 6 days, while on the underside,
differences in CI growth were observed after 2 days. On the underside, some additional oxidation
was occurring after 2 days, accelerating the degradation process in the case of water in direct
contact with the film. This is in agreement with the laboratory blown film findings.
Ageing over nitrite and nitrate For the upper side of the film, the same trend as for the
laboratory blown PE control film was observed, where NO−2 was the slowest to degrade and
NO−3 showed a similar CI profile growth to air, as presented in Figure 6.14.
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Figure 6.13: CI for a) the upper side and b) underside of IPPE films during accelerating ageing over water
with and without headspace in contrast with salted water and air.
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Figure 6.14: CI for a) the upper side and b) underside of IPPE films during accelerating ageing over nitrite
and nitrate in solution in comparison to water and air.
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Nitrite seemed to be inhibiting IPPE photo-degradation on both sides of the film. This
was also observed on the underside of the film when in contact with nitrate, where a similar
CI evolution rate to nitrite was measured, which is lower compared to air. Both nitrite and
nitrate are retarding the production of carbonyl products on the side in direct contact with the
solution compared to air.
Ageing over phosphite and phosphate In this section, the effect of phosphite and phos-
phate in solutions was also investigated, as they are often used as photo-stabilisers [Schwetlick
and Habicher, 1995, Farajzadeh et al., 2007, Ojeda et al., 2011].
Phosphite and phosphate are considered as secondary antioxidants, as they are inhibiting
PE photo-degradation by reacting with hydro-peroxide to yield relatively inert products [Fara-
jzadeh et al., 2007, Ojeda et al., 2011]. In soil, organic phosphorous is present in a complex
and diverse forms [Turner et al., 2015, McLaren et al., 2015] and it can be added to the soil in
the form of fertilisers [Thao and Yamakawa, 2009, Gomez-Merino and Trejo-Tellez, 2015].
The concentration was chosen to be 10−1 mol/L to be in agreement with the other solutions
tested. The CI growth over the different solutions is presented in Figure 6.15. Water was the
most oxidative substrate as reflected by a higher CI increase rate than for the other 3 substrates,
as reported previously. On the upper side, PO−4 displayed a similar profile to water, while on
the underside it was oxidising at a slower rate to water, suggesting that PO−4 would have a
slight retarding effect compared to water, but was still faster than air. Phosphite was retarding
PE photo-oxidation compared to water, as CI growth was slower than water on both sides of
the film, but it was enhancing degradation compared to air. Phosphite and phopshate seemed
to have a mild stabilising effect compared to water.
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Figure 6.15: CI for a) the upper side and b) underside of IPPE films during accelerating ageing over
phosphite and phosphate in solution in comparison to water and air.
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6.4 Conclusions
These studies over aqueous solutions revealed that water alone was still the fastest substrate
with respect to photo-degradation of PE control film. The embrittlement time was decreased
by a factor of almost 2 when in contact with water compared to air, while it was only a factor
of 1.5 in presence of headspace between the film and water. This was also reflected in the CI
growth over time.
Interestingly, in our study salted water had the same effect as water alone in photo-degrading
PE, as indicated by both the embrittlement time and the CI profile, while it was reported in
the literature that it would enhance its degradation. The production rate of oxidised species
over salted water was similar to water. The concentration variation between 10−1 mol/L to 1
mol/L of NaCl did not induce a different photo-degradation rate compared to water alone.
Potentially good sources of OH such as H2O2 are not showing any enhanced photo-
degradation, by contrast seeming to slow down PE photo degradation compared to water.
This was even more pronounced in the case of nitrite, where the degradation rate was even
slower than over air, suggesting that nitrite is acting as either a scavenger or antioxidant. This
was clearly observed on the underside of the film; when the nitrite was in contact with the film
the carbonyl production rate was significantly slowed down compared to air.
Phosphite and phosphate had a mild stabilising effect compared to water, especially in the
case of phosphite. But the degradation was still faster than over air.
Both laboratory blown film and commercial film supplied by IP showed similar responses
in term of embrittlement and CI production rate over the different solutions. Water was found
to accelerate the most the photo-degradation of the film, while nitrite was the most efficient
solution to retard its degradation.
CHAPTER 7
Model soils
7.1 Introduction
Soil type had an effect on PE film photo-oxidation as demonstrated in Chapters 3, 4, 5, and in
particular the organic matter content appears to be significant. The unexpected accelerating
effect of water onto PE film was assessed further in Chapter 6. The current chapter investigates
the degradation of a control polyethylene film over a range of model soils. The aim was to
evaluate the impact of different parameters such as soil type, soil pH and soil organic material
content on the PE photo-oxidation rate. In order to do so, a pure sand was chosen as a bare
base soil, and was compared to soil with different constituents. The pH was adjusted by adding
lime or sulphur to sand, as commonly practised in agriculture to adjust soil pH. To alter the
organic material content, compost and HSs were added to the sand at different ratios.
197
198 Model soils
7.2 Experimental procedure
Material and Processing
The film tested in this section consisted of PE control film without any pro-degradant. PE film
was laboratory blown as described previously in Section 3.4.1.
Buffers of pH 4 and 10 were supplied by Hanna instruments, while buffer pH 6.88 was
purchased from Rowe Scientic. All buffers solutions were clear and were used as received.
Buffer pH 6.88 was known to comprise potassium phosphate; the other two buffer compositions
remained as trade secrets.
Model soils
Model soils were prepared to assess the effect of the soil constituents, pH and organic compo-
sition on PE photo-degradation rate, as described in Table 7.1.
The sand was a pure white sand from Riverside Industrial Sands, Brisbane, which was a
glass blowing grade. The sandy loam soil and clay soil were soils used at the Cambridge trial
in 2014 (Section 3.4). All samples were tested by SWEP, with the full soil characterisations
given in Appendix A.
In order to test the impact of pH on photo-degradation of PE film, lime and sulphur were
used. In agricultural practices, lime is most often used to increase pH, while sulphur is used
to acidify the soil. Buffers were also used to analyse PE photo-degradation over solutions of
different pHs.
The amount of organic matter was adjusted by using compost on its own or in addition to
sand at a 50/50 w/w ratio, or by adding commercial HA and FA from Omnia at a 5% addition
rate in sand.
All soils were then prepared by mixing with Milli-Q water to reach a moisture content of
30% w/w. Controls were included in the experimental suite, where film was laid over an empty
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Table 7.1: List of model soil prepared for photo-degradation of PE films.
Parameters Substrate
Controls
Air
Water
Soil type
Sand (pH 6.8)
Sandy loam
Clay
pH
Sand + Lime pH 7.6
Sand + Sulphur pH 4.5
buffer pH 4
buffer pH 6
buffer pH 10
Organic
composition
Sand + 5% HA
Sand + 5% FA
50% Sand + 50% Compost
100% Compost
petri dish (air) and over a petri dish containing Milli-Q water (water). In this study, after two
day and night QSun cycles (48 hours) each soil was watered with MilliQ water to reach its
original water content (30% by weight).
Accelerated Laboratory ageing
The same ageing device (QSun) was used to age the different films over the different substrates,
using the same cycles as described in Table 7.2.
The samples were placed into separate glass petri dishes of 2 cm depth, by placing the film
over the different substrates with the edges secured by a rubber band. Each film formulation
was tested in duplicate.
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Table 7.2: Parameters of one QSun cycle used for accelerated laboratory ageing.
Mode
Time
Irradiance Black Panel Chamber air
at 340 nm temperature temperature
(hours) (W/m 2) (°C) (°C)
Day 18 0.68 60 45
Night 6 - - 45
Films assessement
The films were assessed for embrittlement time, and degree of oxidation after 2 QSun cycles,
which correspond to 48 hours following the method described in Section 4.2.1.
7.3 Results and Discussion
7.3.1 Effect of soil type on PE photo-degradation
PE films were aged over three different type of soils, and this ageing was compared to film
performances over air and water. All three soils were characterised as described in Section
3.3.1 with Table 7.3 summarising the key parameters.
Due to the complexity of soil, it was difficult to isolate one parameter without modifying
the others. As presented in Table 7.3, it is worth noting that it was not possible to change the
soil texture without changing soil pH and the organic matter content.
Figure 7.1 presents the time for the film to reach embrittlement. The embrittlement time
was not found to be correlated to the temperature under the film, as over water and air the
temperatures under the film were similar (62°C and 60°C respectively), while the embrittlement
was 1.5 times faster over water compared to over air.
Figure 7.2 presents the CI increase over time over the different substrates.
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Table 7.3: Characterisation of the three different soil type used to trial the photo-degradation of PE control
film.
Soil texture Sand Sandy Loam Clay
Colour White Brown Brownish grey
Reflectance at 400nm 52.9±0.1 14.0±0.2 11.6±0.9
Water holding capacity (%) -* 31.6±1.3 69.9±1.2
pH (water) 6.0 5.6 7.1
Total organic carbon (%) 0.01 1.5 3.2
Organic matter (%) 0.01 3 6.3
* Sand WHC was below detection limit.
For the upper side of the film, it appears that there were three different profiles for increase
in CI: a slow production rate, a medium one and a faster one. The slower rate of CI increase
was over air. Water and sand alone had a similar profile of growth of CI, which was slightly
faster than over air. However the carbonyl production rate was the fastest over clay and sandy
loam. On the underside, the carbonyl production rate could be divided into two clusters, where
both air and sandy loam had a slower rate of CI increase compared to water, sand and clay,
which formed the second cluster.
Sand had a similar carbonyl production rate to water for both sides of the film. This
suggests that the sand did not retain any water, as reflected by its non-measurable water
holding capacity, allowing the water to condense on the underside of the film, without slowing
down the PE photo-degradation rate. As this sand is inert, no additional effect to water was
observed.
In this section, the CI on the upper side was found to be higher than on the underside for
the case of the sandy loam soil and the clay soil. This was more marked for the sandy loam
soil, where the underside oxidized at the same rate as over air. This could be due to a different
degradation mechanism in this case, whereby a physical interaction (ESC, abrasion . . . ) was
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Figure 7.1: Bars represent time for PE film to embrittle over different soil types,  indicates the temperature
under the film.
more prominent compared to the chemistry identified by the carbonyl production rate, as in
both cases the film still did embrittle at a similar time to over water.
In order to assess the role of the soil WHC in PE photo-degradation, Appendix D in-
vestigated the use of vermiculite as a water retaining agent. Vermiculite was added to sand
at different ratio (from 30% to 60% w/w), no changes were observed in terms of PE photo-
degradation rate, suggesting that WHC under these conditions did not have any effect on PE
photo-degradation rate.
In the case of the two other soils (sandy loam and clay), the only differences observed were
for the CI increase on the upper side of the film. The CI production rate was slightly higher
than over water. This could be attributed to the organic matter content of those two soils,
as was demonstrated in Chapter 3, where organic matter influenced the PE photo-degradation
rate. In order to assess the effect of organic matter on PE photo-degradation compost and HSs
were added to the bare sand.
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Figure 7.2: CI over time for PE control film over different soil types.
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Figure 7.3: Bars represent time for PE film to embrittle over different soil types,  indicates the temperature
under the film
7.3.2 Effect of sand enriched in organic matter
As compost is rich in organic matter, PE films were aged over compost as well as over a synthetic
soil which consisted of a mix of sand and compost in a 1:1 ratio.
HA and FA were also added at 5% weight to bare sand to assess their effect on PE photo-
degradation. The embrittlement time over the different synthetic soils are presented in Figure
7.3. When the film was aged over substrates which contained compost the embrittlement time
was decreased by 3 days compared to sand alone. The addition of organic matter seemed to
enhance the rate of PE photo-degradation. This was also observed when HSs were added to
the sand, where embrittlement was reached 2 days earlier than over bare sand, although those
differences were somewhat marginal. Changes in carbonyl production rate might shed more
light on the oxidation process.
The changes in carbonyl production rate over time are presented in Figure 7.4. Differences
in CI increase rate were observed depending on the side of the film, as well as the substrate
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type.
On the upper side of the film, the CI showed similar rate of increase when the substrate
was enriched with organic matter such as compost, HA or FA, and this increase was faster
than over water. These CI results illustrate that organic matter had an enhancing effect on PE
photo-degradation, compared to air, water or sand. On the underside, however, the differences
in carbonyl index growth were not that obvious. The addition of compost and HA enhanced
the degradation rate, while FA showed a similar CI profile to water or sand, suggesting that
FA was not oxidising further the film on the underside.
Nevertheless these results interestingly converge with the one from Chapter 3 where it was
found that organic matter was accelerating PE photo-degradation.
7.3.3 Influence of pH on PE photo-degradation
Sand with modified pH
In order to modify sand pH, lime was used to alter the pH of sand to 7.6 from an initial pH
of 6, while sulphur was used to acidify the sand to reach a pH of 4.5. In common agricultural
practice, these compounds are added to soil at specific rates in order to adjust soil pH to an
adequate value to be beneficial to specific crops and to maximize crop yield. Figure 7.5 presents
the time for the film to reach embrittlement over sand at different pHs.
When sand was acidified with sulphur to pH 4.5, the film was slower to degrade by 10 days
compared to air, and by 20 days compared to pure sand (sand pH 6.8) or water. However, for
basic sand at pH 7.6 the difference in time to embrittlement was not significant. This might
be due to the fact that the difference in pH was marginal compared to sand (pH 6.8). This
was also reflected by the rate of increase of CI over time (Figure 7.6), where the CI increase
over sand at pH 4.5 was similar to over air. By contrast, for sand with a pH closer to 7, the CI
profile over time was similar to over water, suggesting that in this case PE photo-degradation
was driven by the presence of water.
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Figure 7.4: CI over time for PE control film over different soil types.
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Figure 7.5: Bars represent time for PE film to embrittle over sand with different pH,  indicates the
temperature under the film
Little was found in the literature on the effect of acid or basic solutions on PE photo-
degradation. PE has a good resistance to chemical attack due to its non-polarity [Borisova,
2004], which is also reinforced by its higher crystallinity [Schmacke, 2010]. In a recent study,
El-Tonsy et al. [2015], demonstrated that acid rain might possibly react with PE stabiliser,
hence restricting its ability to protect PE against UV exposure, although in this case there is
likely minimal stabiliser present and hence this mechanism is unlikely.
In this study, the sulphur used to acidify sand had an inhibitory effect on PE photo-
degradation, possibly through decomposition of hydroperoxides. As reported in the literature,
in order to increase polymer thermal stability, one way is to use sulphur containing stabilis-
ers, as they are able to decompose hydroperoxides [Al-Malaika, 1984, Kikkawa et al., 1987,
Al-Malaika, 1998].
In a recent study, Yeh et al. [2015] showed that PE film embrittlment time was retarded by
7 days when sprayed with sulphur containing agrochemical (29 days) compared to no treatment
(22 days), under accelerated UV ageing. Our results are therefore in agreement with some of the
literature findings, where sulphur compounds had a retarding effect on PE photo-degradation,
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Figure 7.6: CI over time for PE control film over sand with pH varying from 4.5 to 7.6.
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Figure 7.7: Bars represent time for PE film to embrittle over different pH buffers.
as they can behave as antioxidants by decomposing hydroperoxide. Usually the anti-oxidant
role of sulphur containing compounds comes from their oxidation products [Al-Malaika, 1984].
Effect of buffer with different pH on PE photo-degradation
In this section, the effect of pH as a buffer solution on PE photo-degradation was assessed.
Petri dishes were filled up completely with buffer in order to have the film in direct contact
with the buffer, eliminating any headspace between the film and substrate. Figure 7.7 presents
the time for the film to reach embrittlement under these conditions.
No differences in embrittlement time were measured between the three different buffers,
with only water showing a slightly faster embrittlement time of 2 days, although this was not
significant.
The CI increase over time showed different rates depending on the substrate, as presented
in Figure 7.8. The CI production rate increased with increased buffer pH on the underside of
the film. However water showed a greater degree of oxidation compared to the different pH
buffers.
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Figure 7.8: CI over time for PE control film over pH buffer ranging from 4 to 10, in comparison to water
(as a control).
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For the upper side of the film, the overall oxidation was lower than on the underside, as
shown by the CI value being lower than 0.2, while on the underside it reached over 0.3 in the
case of water. On the underside of the film, Figure 7.8 suggests that the acidic buffers were
slowing down PE oxidation.
7.4 Conclusions
In this chapter, different soil factors were modified in a controlled fashion to assess their in-
fluence on PE photodegradation. This study confirmed that soil with enriched organic matter
accelerated PE photo-degradation, while an acidic pH slowed down the PE oxidation rate.
Sulfur present in the soil might act as a antioxidant as observed by its retarding effect on PE
photo-degradation. These findings will allow for a better understanding and prediction of PE
photo-degradation in different environments.
Variation in the carbonyl production rate in PE films over different substrates seemed to be
a good indicator of the different oxidation processes under-way. During exposure of PE film to
multiple simulated soils, it was shown that the soil enriched in organic matter facilitated the
process of photo-degradation, which was linked to the soil organic matter content.

CHAPTER 8
Conclusions and Future works
8.1 Introduction
The use of clear film as a mini-greenhouse for crop-propagation applications is an effective way
to increase temperature under the film while retaining moisture and reducing water evaporation.
Hence the use of plastic film as mini-greenhouses can increase the germination rate, and reduce
the need for irrigation and fertilisers, potentially allowing planting in dryer region as well as
earlier planting in some areas.
In order for the crop to benefit from all of the advantages of the film, it is necessary for
the film to break down after a specific period of time, which is crop dependent. Ideally the
above ground part of the film becomes brittle once the crop is well established and mature
enough to enable a healthy growth, while the part below the ground would further degrade
until the crop harvesting. At the end of its useful lifetime the film would be brittle enough so it
could be ploughed back into the soil, eliminating the film removal process, therefore subtracting
the need to dispose of the film in landfills, and reducing the amount of waste, with the film
213
214 Conclusions and Future works
ultimately biodegrading to CO2 and water. Nevertheless, the challenge remains in controlling
and predicting the film degradation rate in the natural environment. This is due to complex
interactions between film properties (molecular structure, additives, processing, etc) and the
weather conditions and environmental exposure.
8.2 Conclusions
The motivation that underlies this project is to deliver a polyethylene based film with more
reliable and predictable degradation processes in order to reduce plastic waste. It is believed
that a better understanding of the impact of the environmental exposure conditions on the PE
film lifetime would then allow for better estimation of the film performances in the field.
A review of the literature had shown that for PE photo-degradation there is a lack of cor-
relation between accelerated ageing and natural ageing. Therefore this project investigated the
impact of different natural ageing parameters on the photo-degradation rate of oxo-degradable
and conventional PE films, in order to understand how various factors influence its photo-
degradation rate. This thesis embraced an extensive systematic work of establishing a rela-
tionship between PE film performances with several types of environmental exposure under
different ageing conditions.
The field trial results revealed that site effects other than the usual factors such as UV,
temperature, and rainfall were significantly impacting on the rate of PE photo-oxidation, despite
the type of pro-degradant used (photo or thermal sensitive). In order to better understand
PE photo-degradation, films were aged under controlled accelerated laboratory conditions, to
isolate any climatic/site effects on the rate of degradation of the polymer films.
Prodegradants were also added to the films in order to enhance PE photo-degradation, and
the effect of soil on the degradation of these materials was examined. The film containing
TiO2 was the fastest to embrittle, due to its highly photo-sensitive properties. The addition of
cobalt or iron as stearate in the film also increased the PE film degradation rate, with CoSt
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being more rapid to embrittle compared to FeSt. These oxo-degradable films, either containing
photo-sensitive prodegradant (TiO2) or the more thermally sensitive prodegradants (CoSt or
FeSt), oxidised at different rates depending on the substrate type. In the field trials and under
accelerated aging, the oxodegradable films were found to degrade faster over the soils with the
higher OM content, regardless of the prodegradant type.
Interestingly, in the accelerated ageing experiments, the carbonyl production rate was found
to be dependent on the film side. On the side facing the substrate, different rates of increase
of carbonyl index were observed, while in most cases minor differences were observable on the
upper side of the film. This revealed that different process were occurring on each side of
the film. More specifically, on the underside of the film (the side facing the substrate), more
differences in carbonyl index production rate were observable, where the substrate had either
an inhibiting or enhancing effect on PE photo-degradation. Those active components could
diffuse through the film and in some case different carbonyl production rate were observed on
the upper side of the film.
From the accelerated ageing experiments, three main factors were identified as influencing
the photo-degradation rate of PE films: soil type, humic substances and water.
8.2.1 Soil type
These accelerated ageing studies were in agreement with the outdoor weathering findings, where
it was demonstrated that soil type had a significant influence on the photo-oxidation rate of
both conventional and oxo-degradable PE films. This finding underlined that components
within the soil may play a role in the degradation rate of the film under accelerated weathering
conditions. For all films, a faster oxidation rate was observed when laid over the soil with the
highest organic matter (OM) content of 8.4%.
Overall, it can be generally concluded that the higher the concentration of organic matter
in the soil, the faster it photo-degrades PE films. However, this is dependent on the type and
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composition of this OM. The impact of some specific substances that comprise the OM (humic
and fulvic acids) is discussed later.
The increase in oxidation rate was not correlated to the soil micro-organism content, since
in the case of sterile soil with OM 3.9%, a faster oxidation rate was observed in comparison
with the non sterile soil.
In addition, soil watering was demonstrated to have an effect on PE photo-degradation.
This was most noticeable in the case of soil with the lowest OM content of 3.9%. When this
soil was watered, there was no inhibition of the photo-oxidation of films compared to when the
soil was not watered. This was also observed for the soil with OM 8.4%, where the watering of
the soil increased its degradation rate.
8.2.2 Humic substances
The soil organic matter is made of humic substances, that can be divided into 3 categories:
fulvic acids, humic acids and humin. From the literature it was demonstrated that FAs and
HAs are the most active component compared to humin, which was linked to the large molecule
size ranging between 100,000 to 10,000,000 Da of humin, which renders humin most resistant
to decomposition. It was demonstrated that HSs can have a dual role as sensitizer or quencher
of reactive species.
From the ageing study, it was clearly demonstrated that the HA used in this study does
increase the oxidation rate while the FA inhibits it. Unfortunately, it was not possible to
identify the mechanism of reaction. This is due to the complex roles of HA and FA, as it has
been reported in the referenced literature that they can both initiate or inhibit degradation
By extracting HSs from the different key soils, it was observed that HA from the most active
soil was able to produce more OH compared to the HA extracted from the other soils, which
might be contributing to a fast PE photo-degradation over this active soil.
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8.2.3 Water
Interestingly, the accelerated experiments demonstrated that water alone had a significant
accelerating effect on photo-degradation of all the films tested. This was the most noticeable
when the water was in direct contact with the film, where the embrittlement time was decreased
by a factor of almost 2 compared to air (11 days compared to 21 days), while it was only a
factor of 1.5 when there was a headspace between the film and water (15 days). This was also
translated into the carbonyl index growth, especially on the underside of the film, where the
condensed water was in direct contact with the film. At the embrittlement time, the CI reached
0.27 when water was in direct contact with the film, 0.15 when there was a head-space between
the film and water, while over air it did not exceed 0.1. For the upper side of the film, in all
three cases CI did not exceed 0.15, but in the presence of water, the CI production rate was
faster compared to air. Water can have a dual interaction during PE photo-degradation, either
chemical or physical or a combination of both, which explains the complexity in identifying its
mechanism of action. In the early stage of PE oxidation, its hydrophilicity is increased due
to the formation of oxidized end groups, allowing water to penetrate the film more easily thus
accelerating its photo-degradation. Water could also have a physical interaction, in that once
it penetrates the film, it can induce some fatigue stress due to the contraction and expansion
of water during temperature changes due to the day and night cycle.
Water charged with different ions showed a slower degradation rate than for water alone,
but this was still faster than over air. In the case of water charged with nitrite, it inhibited PE
photo-degradation compared to over air, as reflected by the carbonyl production rate on the
underside of the film.
8.2.4 Other parameters
From the simulated soil experiments, it was revealed that soil enriched in compost degraded
the PE film faster, as compost is enriched in soil OM content.
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When the soil was a pure sand, it was only the contribution of water that was apparently
controlling the photo-degradation of PE, given that the film degraded at the same rate over
sand as over water.
It was also shown that sand with pH adjusted with sulphur to an acidic value had a retarding
effect on PE photo-degradation, while a basic environment had no additional effect compared
to water.
8.2.5 Summary
This study has brought some significant advances in understanding the PE film performances
in the field. When determining the lifetime of polyethylene film in the enclosed environment of
a mini-greenhouse, additional factors to UV exposure and temperature may need to be taken
into account (Figure 8.1), including:
• the soil properties such as the organic matter content of the soil, especially humic substances
that may potentially inhibit or enhance the PE photo-oxidation rate,
• the presence of water that might have a chemical and/or physical interaction with film well
as an additional reflection from the condensed moisture on the underside of the film, and
• one soil had the ability to inhibit PE photo degradation when compared to air. This was
linked to the possible presence of phenolic substances in this soil. Those phenolic substances
can act as antioxidants, hence reducing the film degradation rate.
So that the activity of any soil would be a balance of these competing factors.
8.3 Future works
A significant limitation of this work was the inability to fully characterise the gas phase between
the film and the substrate. Further investigation could result in the identification of gaseous
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Figure 8.1: Diagrams of the different parameters influencing polyethylene degradation in a natural envi-
ronment.
species potentially contributing to the PE photo-degradation pathway, either as inhibiting or
accelerating factors.
In order to better understand the role of water in PE photo-degradation, further film char-
acterisation studies could be undertaken. For example, the characterisation of the film water
sorption upon ageing would give some insight into the ability of water to penetrate the film.
The change in film hydrophobicity could be characterised on both sides by using the sessile
drop method or more advanced microscopic imaging and analytical techniques. This would
give some information about the changes in surface tension and surface chemistry with ageing.
The use of an hydroxyl radical trap reagent could be used to assist in the identification of
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species responsible for the interaction between OH radical produced from soil and PE photo-
degradation process.
In addition, some areas of interest were outside the scope of this thesis. Further work
could address them in order to broaden the understanding of PE degradation in the natural
environment, such as:
 the degradation of the under ground film edges that were buried in soil
 the degradation in sea water where film fragments are likely to end up
 the role of micro-organism and fungi in enhancing the bio-degradation of PE films, par-
ticularly following oxidation, and
 the toxicity and other impacts following accumulation of PE film residues in the soil due
to slow degradation.
On a last note, since the mass production of plastic from the early fifties, plastic debris has
accumulated in the environment, from the surface of the earth to the deep sea [Barnes et al.,
2009, Potthoff et al., 2017]. Plastic lifetimes for non-biodegradable plastics without modifiers
are estimated to be of the order of hundreds to thousands of years before they return to mineral
form . Over the past few years, the average size of plastic particles in the environment has
decreased, and the abundance and global distribution of micro-plastic fragments have increased
. The accumulation of those plastic micro-fragments is a social concern, as they are difficult to
be removed from the environment and can potentially be ingested by a wider range of organisms
compared to larger plastic debris. In addition, the degradation of those fragments into even
smaller particles that can be washed off, ending up in water and ocean, can further contribute
to the aquatic plastic pollution. Single use plastic application needs to be reduce, as reported
by Xanthos and Walker [2017] and alternatives such as biodegradable plastic in order to offer
plastic more respectful of the environment.
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Nevertheless the use of PE film for crop propagation is challenging, as its embrittlement
time is critical in order to be beneficial to the crop. The embrittlement time is defined for the
specific crop, and can vary from a few weeks to months. Due to this targeted time frame for
the film to degrade above the ground, the findings of this project improved the understanding
of the photo-degradation rate of control PE film as well as of oxo-degradable PE films. This
information could be part of a decision-support tool to assist the industrial partner to best
design photo-degradable PE films, and to help the farmer to decide when it is the best to use
the film and plant the crop to avoid any heat or frost risk.
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APPENDIX A
Full soils characterisation
All the soils used in this thesis were subjected to full characterisation by the SWEP laboratory.
The soil characterisation includes: basic measures (e.g. pH, total organic carbon), exchangeable
cations (such as Ca, Mg, etc.), available nutrients including trace elements, total nutrients (N,P)
and finally the active biological indicators (Lactic acid bacteria, fungi, etc.). The results for
the different soils investigated are presented below.
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Table A.1: Characterisation of the four soils used in site trials (2009-2011).
Soil code OM 1.2% OM 3.9% OM 4.4% OM 8.4%
Location Narrabri Thornlands Pinjarra Hills Forthside
pH (water) 7.7 6.5 6.5 5.2
Electrical conductivity
(µS/cm)
162 64 330 171
Total soluble salt (ppm) 534.6 211.2 1089.0 564.3
Organic matter (%) 1.2 3.9 4.4 8.4
Total organic carbon (%) 0.6 2.0 2.2 4.4
Exchangeable cations (meq/100 of soil)
Ca 21.1 2.4 1.9 7.2
Mg 10.1 1.2 0.8 1.3
Na 0.5 0.6 0.2 0.1
K 1.6 0.1 0.5 1.2
H 2.6 5.4 1.6 17.1
Adj. exchan Hydrogen 2.0 3.5 0.0 12.9
Cation exchange capacity 35.9 9.8 5.2 26.9
Adjusted CEC 35.3 7.8 3.6 22.7
Exchangeable cations (%)
Ca 59.9 30.7 54.2 31.9
Mg 28.6 15.8 23.6 5.6
Na 1.3 8.0 7 0.4
K 4.6 1.4 15.2 5.2
H 5.7 44.0 0 56.9
Ca/Mg (ratio) 2.1 2.0 2.3 5.8
CEC: Cation exchange capacity
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Table A.2: Nutrient composition of the four soils used in site trials (2009-2011).
Soil code OM 1.2% OM 3.9% OM 4.4% OM 8.4%
Location Narrabri Thornlands Pinjarra Hills Forthside
Nutrient Unit
Ca (ppm) 4438.0 518.0 702.0 1554.0
Mg (ppm) 1269.6 159.6 182.4 162.0
Na (ppm) 112.7 156.4 103.5 25.3
N (ppm) 56.4 3.7 46.2 59.7
P (ppm) 36.2 6.9 25.2 82.4
K (ppm) 659.1 46.8 386.1 499.2
S (ppm) 0.2 0.3 2.2 3.2
Cu (ppm) 6.2 0.4 2.5 6.4
Zn (ppm) 1.1 1.2 7.1 3.2
Fe (ppm) 5.0 43.0 73.0 21.0
Mn (ppm) 13.0 3.0 18.0 67.0
Co (ppm) 7.1 0.1 0.4 2.6
Mo (ppm) 0.2 0.1 0.2 0.2
B (ppm) 0.5 0.3 0.7 0.5
Total Phosphorus (ppm) 574.0 53.9 237.0 1993.0
Total Nitrogen (%) 0.1 0.2 0.2 0.4
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Table A.3: Biological composition of the four soils used in site trials (2009-2011).
Soil code OM 1.2% OM 3.9% OM 4.4% OM 8.4%
Location Narrabri Thornlands Pinjarra Hills Forthside
Biological composition (cfu/g soil)
Active lactic bacteria 100 780,000 1,900,000 350,000
Active fungi 95,000 141,000 215,000 271,000
Cellulose utilisers 79,000 216,000 157,000 59,500
Total active fungi 174,000 357,000 372,000 330,500
Active yeasts 100 14,500 40,000 12,000
Active actinomycetes 510,000 235,000 700,000 335,000
Active photo-synthetic bacteria 22,500 14,500 101,000 6,000
total active population 706,700 1,401,000 3,113,000 1,033,500
carbon/nitrogen (ratio) 5 13 14 11
% of total active population
Active lactic bacteria 0.0 55.7 61.0 34.0
Total active fungi 25.0 25.5 11.9 32.0
Active yeasts 0.0 1.0 1.3 1.0
Active actinomycetes 72.0 16.8 22.5 32.0
Active photosynthetic bacteria 3.0 1.0 3.2 1.0
cfu: colony-forming units
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Table A.4: Characterisation of the five soils used in soil trial 2014.
Soil code OM 3.0% OM 5.6% OM 6.8% OM 4.7% OM 0.1%
Location Cambridge Thornlands Pinjarra Hills Clifton Clifton
pH (water) 5.6 5.8 7.5 5.6 6.4
Electrical conductivity (µS/cm) 59 101 128 88 34.2
Total soluble salt (ppm) 194.7 333.3 422.4 290.4 112.9
Total organic Carbon (%) 1.5 2.8 3.4 2.3 0.1
Organic matter(%) 3 5.6 6.8 4.7 0.1
Exchangeable cations (meq/100 of soil)
Ca 2.3 1.7 9.5 1.8 0.05
Mg 1.6 1.0 0.9 2.4 0.03
Na 0.2 0.8 0.1 0.5 0.04
K 0.2 0.1 0.2 0.4 0.00
H 5.0 7.8 1.4 7.8 0.20
Adj. exchan Hydrogen 3.5 5.0 0.0 5.5 0.2
Cation exchange capacity 9.3 11.4 12.0 12.8 0.3
Adjusted CEC 7.8 8.6 10.6 10.5 0.3
Exchangeable cations (%)
Ca 29.3 19.5 89.7 16.8 18.6
Mg 20.8 12.0 8.2 23.0 11.1
Na 2.8 9.2 0.6 4.5 14.8
K 2.3 1.2 1.5 3.7 0.0
H 44.8 58.2 0.0 52.0 55.5
Ca/Mg (ratio) 1.4 1.6 10.9 0.7 2.1
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Table A.5: Nutrient composition of the five soils used in soil trial 2014.
Soil code OM 3.0% OM 5.6% OM 6.8% OM 4.7% OM 0.1%
Location Cambridge Thornlands Pinjarra Hills Clifton Clifton
Nutrient Unit
Ca (ppm) 492 370 2120 380 32
Mg (ppm) 210 138 117 312 9
Na (ppm) 55 201 15 117 29
N (ppm) 7.7 5.8 28.8 4.3 1.8
P (ppm) 8.9 0.1 33 5.8 0.1
K (ppm) 74.1 41.0 69.0 163.8 1.3
S (ppm) 5.7 6.5 14.0 8.5 3.5
Cu (ppm) 0.3 0.54 10.8 5.0 0.1
Zn (ppm) 3.3 1.31 13.3 8.8 0.1
Fe (ppm) 259 67 24 382 5
Mn (ppm) 4 3 21 7 1
Co (ppm) 0.20 0.10 1.71 0.20 0.01
Mo (ppm) 0.10 0.05 0.33 0.10 0.03
B (ppm) 0.20 0.29 0.32 0.20 0.09
Total Phosphorus (ppm) 191 83 536 182 3
Total Nitrogen % 0.210 0.150 0.150 0.260 0.002
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Table A.6: Biological composition of the five soils used in soil trial 2014.
Soil code OM 3.0% OM 5.6% OM 6.8% OM 4.7% OM 0.1%
Location Cambridge Thornlands Pinjarra Hills Clifton Clifton
Biological composition (cfu/g soil)
Active lactic bacteria 2,200,000 155,000 400,000 70,000 1000
Active fungi 1,000,000 170,000 22,500 930,000 100
Cellulose utilisers 1,120,000 130,000 14,000 580,000 2000
Total active fungi 2,120,000 300,000 36,500 1,510,000 2100
Active yeasts 50,000 10,000 100 70,000 100
Active actinomycetes 3,000 100,000 335,000 6,000 1000
Active photosynthetic bacteria 1,000 100 100 1,000 100
Total active population 4,374,000 565,100 771,700 1,657,000 4300
Carbon/Nitrogen (ratio) 7.1 18.0 23.5 9.0 33.4
% of total active population
Active lactic bacteria 50.3 27.4 51.8 4.2 23.3
Total active fungi 48.5 53.1 4.7 91.1 48.8
Active yeasts 1.1 1.8 0.0 4.2 2.3
Active actinomycetes 0.1 17.7 43.4 0.4 23.3
Active photosynthetic bacteria 0.0 0.0 0.0 0.1 2.3
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Table A.7: Characterisation of the soils use for the model soil trial under accelerated ageing.
Soil texture Sand Sandy Loam Clay
Colour White Brown Brownish grey
Reflectance at 400nm 52.9±0.1 14.0±0.2 11.6±0.9
pH (water) 6 5.6 7.1
Electrical conductivity (µS/cm) 6.35 59 718
Total soluble salt (ppm) 21.0 194.7 2369.4
Total organic Carbon (%) 0.01 1.5 3.2
Organic matter(%) 0.01 3.00 6.30
Exchangeable cations (meq/100 of soil)
Ca 0.05 2.29 27.13
Mg 0.03 1.63 15.11
Na 0.04 0.22 1.34
K 0.00 0.18 0.74
H 0.06 5.00 6.4
Adj. exchan Hydrogen 0.05 3.5 0.1
Cation exchange capacity 0.18 9.32 50.72
Adjusted CEC 0.17 7.82 44.42
Exchangeable cations (%)
Ca 28.9 29.3 61.1
Mg 17.3 20.8 34.0
Na 23.1 2.8 3.0
K 0.0 2.3 1.7
H 30.8 44.8 0.2
Ca/Mg (ratio) 1.62 1.41 1.8
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Table A.8: Nutrient composition of the soils use for the model soil trial.
Soil texture Sand Sandy Loam Clay
Nutrient Unit
Ca (ppm) 15 492 6286
Mg (ppm) 6 210 2100
Na (ppm) 11.8 55.2 356.5
N (ppm) 0.10 7.7 56.1
P (ppm) 0.10 8.9 31.3
K (ppm) 0.04 74.1 335.4
S (ppm) 0.00 5.7 179.8
Cu (ppm) 0.09 0.3 4.7
Zn (ppm) 0.21 3.3 3.3
Fe (ppm) 4.00 259 38
Mn (ppm) 1.00 4.0 10
Co (ppm) 0.00 0.2 4.5
Mo (ppm) 0.01 0.1 0.1
B (ppm) 0.06 0.2 0.5
Total Phosphorus (ppm) 1.06 191 315
Total Nitrogen (%) 0.01 0.21 0.40
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Table A.9: Biological composition of the soils use for the model soil trial.
Soil texture Sand Sandy Loam Clay
Biological composition (cfu/g soil)
Active lactic bacteria 10000 2,200,000 60,000
Active fungi 20000 1,000,000 940,000
Cellulose utilisers 30000 1,120,000 250,000
Total active fungi 50000 2,120,000 1,190,000
Active yeasts 100 50,000 100,000
Active actinomycetes 1000 3,000 51,000
Active photosynthetic bacteria 100 1,000 1,000
Total active population 61200 4,374,000 1,402,000
Carbon/nitrogen (ratio) 25.8 7.1 8.0
% of total active population
Active lactic bacteria 16.3 50.3 4.3
Total active fungi 81.7 48.5 84.9
Active yeasts 0.2 1.1 7.1
Active actinomycetes 1.6 0.1 3.6
Active photosynthetic bacteria 0.2 0.0 0.1
APPENDIX B
Effect of soil reflectance on PE photo-degradation
Soil reflectivity was also assessed as a parameter potentially affecting PE photo-degradation.
The soil reflectivity would influence the amount of light that was reflected back to the PE film.
In order to test it, a black sand was benchmarked against a white sand.
B.1 Experimental procedure
Material and Processing
The film tested in this section consisted of PE control film without any prodegradant. Film
was laboratory blown as described previously in Section 3.4.1.
A white sand, provided by Riverside Industrial Sand was used, which was a glass blowing
grade. The black sand was made out of tourmaline, which is a crystalline boron silicate mineral
compounded with different elements (aluminium, iron, magnesium, etc.). It can vary in colour.
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Table B.1: Substrates characterisation.
Substrate Air Water White sand Black sand
Colour - - White Black
Reflectance at 400nm 0±1 20±1 53±1 16±1
Sample preparation
Sand samples were mixed with Milli-Q water to reach a moisture content of 30% w/w, prior
being placed in petri dishes and covered with PE film. As a control, film was also laid over an
empty petri dish (Air). In addition, film was laid over petri dishes one containing only Milli-
Q water (Water), where the other one had its bottom covered with a black paper to reduce
reflection (Water black bottom). The reflectance for each substrate is presented in the Table
B.1 .
In this study, after two day and night QSun cycles (48 hours) each soil was watered with
MilliQ water to reach its original water content (30% by weight).
Accelerated Laboratory ageing
The same ageing device (QSun), was use to age the films over the different substrates, using
the same cycles as described in Section 4.2.1.
Films assessment
The films were assessed for embrittlement time, and degree of oxidation after 2 QSun cycles
which corresponds to 2 days following the method described in Section 4.2.1. Each film was
tested in duplicate.
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Figure B.1: Bars represent time for PE film to embrittle over different substrates,  indicates the temper-
ature under the film.
B.2 Results and Discussion
B.2.1 Effect of sand with different reflectance on PE photo-degradation
Figure B.1 presentes the time for the film to reach embrittlement. The embrittlement time
was not correlated to the temperature under the film, as the temperatures under the film were
similar over the 4 substrates (varing between 57◦C up to 62◦C), while the embrittlement was
1.5 slower over air compared to the 3 other substrates. The difference in sand reflectivity did
not seem to affect the embrittlement time of PE film, as the film embrittlement was within
error for all samples.
Figure B.2 presents the CI over time over the different substrates. For the upper side,
it appeared that there were two profiles in CI increase over time. Air presented the slower
carbonyl production rate, while the 3 other substrates had a similar carbonyl increase rate.
On the underside, the carbonyl production rate could be divided into three clusters, where
air had the slower CI increase rate, as observed on the upper side of the film. The carbonyl
production rate was the fastest over the black sand, while water and white sand had similar CI
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production rates, which were slower than for the black sand. The differences observed between
the black sand and water were possibly due to the black sand composition, and not to its
reflectance. As it was not possible to isolate the component of the black sand, a petrie dish
with a black paper on its bottom was tested in order to reduce any reflection and avoid any
additional chemical interaction.
B.2.2 Effect of reduced reflection of petri dish on PE photo-degradation
In this set of experiment, the embrittlement time of the PE film over air was shorter than
previously, which is probably due to some ageing on storage.
The control PE film did embrittle within a similar time over the three substrates, although
it was slightly slower over air compared to water (Figure B.3).
The CI increase rate over the different substrates, reveals that air has the slowest production
rate, while the two other substrates had a similar carbonyl production rate. This was observed
on both sides of the film, as illustrated in Figure B.4. This suggest that substrate reflectance
was not having a major effect on PE photo-degradation.
B.3 Conclusion
By testing several substrates with different reflectances at 400 nm, it was shown that the PE
photo-degradation rate was not related to reflectance, as illustrated by the CI profile of the
film over the petrie dish with the bottom covered with black paper compared to the one with
water alone.
Nevertheless, the film was the fastest to degrade over the black sand, which was possibly
related to its composition, as this sand may contain a wide range of elements (such as iron and
manganese) that might have an accelerating effect on PE photo-degradation.
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Figure B.2: CI over time for PE control film over different soil types.
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Figure B.3: Time for PE film to embrittle over different substrates.
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Figure B.4: CI over time for PE control film over different substrates.

APPENDIX C
Effect of direct contact of soil with film on PE
photo-degradation
In this section, the film was in direct contact with the soil, in order to assess if by being in
contact with the soil, the film would degrade at a different rate. This also represent the section
of the film that is in direct contact with the soil in the field, as presented in Figure C.1
Figure C.1: Cross section of the film in the field.
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Figure C.2: Bars represent time for PE film to embrittle over different substrates, indicate the temperature
under the film.
C.1 Experimental procedure
Material and Processing
The film tested in this section consisted of PE control film without any prodegradant. Film
was laboratory blown as described previously in Section 3.4.1.
Soil was collected from Forthside at a depth of 10 cm, and was prepared as described in
Section 4.2.1. It was mixed with Milli-Q water to reach a moisture content of 30% w/w. They
were then placed into 2 cm deep glass petri dishes, where one was 3/4 filled with soil and the
other one was fully filled up with soil in order for the film to be in contact with the soil, as
described in Figure C.2. Plastic films were placed on top of the soil with the film edges secured
by a rubber band.
As control, film was laid over an empty petri dish (Air). In addition, film was laid over a
petri dish containing only Milli-Q water (Water).
Accelerated Laboratory ageing
The same ageing device (QSun), was use to age the films over the different substrates, using
the same cycles as described in Section 4.2.1.
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Figure C.3: Bars represent time for PE film to embrittle over different substrates,  indicates the temper-
ature under the film.
Films assessment
The films were assessed for embrittlement time and degree of oxidation after 2 QSun cycles
which corresponds to 2 days following the method described in Section 4.2.1. Each film was
tested in duplicate.
C.2 Results and Discussion
The effect of the soil in direct contact with the film was assessed for both embrittlement and
carbonyl production rate. In terms of embrittlement time, the film was faster to embrittle
when the soil was in contact with the film compared to the presence of a head-space by a factor
of 1.43, which was also faster than over air by a factor of 1.8. But it took the same time to
embrittle compared to over water alone (Figure C.3).
Figure C.4 presents the CI over time over the different substrate configurations. For the
upper side, it appears that the CI production rate was the fastest when the soil was in contact
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Figure C.4: CI over time for PE control film over different substrates.
with the film, and the slowest when the film was laid over air. In the case of the film with
a head-space the CI increase rate was similar to that over the soil with a head-space. This
suggests that when the film is in contact with the soil, the surface area of contact is increased,
allowing for a better surface of exchange, hence promoting PE photo-degradation.
On the underside of the film, over water, both soils showed similar production rates of
carbonyls, while when the film was over air the carbonyl production rate was slowed down.
In the field, it was observed in certain cases that the film embrittled faster where the soil
was in direct contact with the soil, which could be linked to the reduced distance between the
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film and the soil, but as well to a concentration of mechanical stress at this specific point where
the film is under tension.
C.3 Conclusion
When the film is in contact with the soil it was faster to degrade and oxidise compared to when
there was a head-space between the film and soil. This was attributed to the possible increase
in surface area of contact between the film and the possible reactive substrate. An increase in
the photo-degradation rate was also observed in the case the water was in direct contact with
the film, as presented in Chapter 6.

APPENDIX D
Effect of soil water holding capacity modify by
vermiculite on PE photo-degradation
Vermiculite is the most common soil-free growing substrate due to its high water holding ca-
pacity. In this section the bare sand water holding capacity was modified by adding vermiculite
at different ratios to assess the impact of increased water holding capacity of sand on PE
photo-degradation.
D.1 Experimental procedure
Material and Processing
The film tested in this section consisted of PE control film.This film was laboratory blown as
described previously in Section 3.4.1.
A white sand, provided by Riverside Industrial Sand was used. Vermiculite was purchased
from the closest nursery.
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Figure D.1: Bars represent time for PE film to embrittle over different substrates.
Sand samples were prepared by mixing vermiculite at 3:10; 4:10 and 6:10 ratio. Those
mixtures were then mixed with Milli-Q water to reach a moisture content of 30% w/w, prior
being placed in petri dishes. PE films were placed on top of the soil with the film edges secured
by a rubber band. In this study, after two day and night QSun cycles (48 hours), each soil was
watered with MilliQ water to reach its original water content (30% by weight).
Accelerated Laboratory ageing
The same ageing device (QSun), was use to age the films over the different substrates, using
the same cycles as described in Section 4.2.1.
Films assessment
The films were assessed for embrittlement time and degree of oxidation after 2 QSun cycles,
which corresponds to 2 days following the method described in Section 4.2.1. Each film was
tested in duplicate.
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D.2 Results and Discussion
The effect of different water holding capacity on PE photo-degradation was assessed for both
embrittlement time and carbonyl production rate. In terms of embrittlement time, the films
embrittled within the same length of time over the 4 different substrates, with no significant
differences being observed (Figure D.1).
Figure D.2 presents the CI over time over the different substrates configurations. On both
sides of the film, the carbonyl index increase rate was similar over the four different substrates.
On both sides, the production of carbonyl species seems to be independent of the water holding
capacity of the substrates.
D.3 Conclusion
In the section, the modification of the sand water holding capacity by adding vermiculite
seemed to have no effect on both the embrittlement time or the CI increase rate on PE photo-
degradation.
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Figure D.2: CI over time for PE control film over different substrates.
